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ABSTRACT 
This thesis is concerned with the modelling and control of the acid copper electro- 
plating process for the manufacturing of printed circuit boards (PCB). The objectives 
of this study were to investigate the effects of process and product parameters on the 
workpiece level uniformity during the acid copper plating of lithographic patterns, 
plated-through holes (PTH) and blind-via (BV), and to explore the minimization of the 
deposit thickness variation. The parameters studied were the average current density 
(ACD), plating duration, concentration of additive and sulphuric acid, electrode 
separation (ES), line width and active area density ratio (AADR) of the circuit pattern. 
The effects of the copper sulphate concentration, aspect ratio (CAR) and depth ratio 
were also studied for the PTH and BV plating. The results of the study enhance the 
understanding of the limitations of applying current distribution and statistical models 
to the copper electroplating of PCB at a workpiece level. 
Multifactor two-level factorial and the central composite rotatable five-level 
experiments were designed, and a total of fourteen sets of experiment were conducted 
sequentially and used to generate statistical process models. For the plating of uniform 
patterns, ACD, ES and their quadratic effects were found to be significant and a 6- 
term second order model was built and verified to predict and minimize the workpiece 
level variability. The existence of a minimum plating variability was attributed to the 
minimum deviation from the Faraday's nominal thickness observed under a particular 
combination of ACD and ES. For non-uniform patterns, ACD, AADR and the 
ACD x ES interaction were found significant and an 8-term first-order prediction 
model was constructed. The minimum variability achievable was found to increase with 
the AADR, and was explained by the scattering effect of AADR on the average plating 
thickness. Verification of the model with patterns of same AADR but different line 
width revealed the limitation of the continuum concept, i. e. AADR alone is not 
sufficient to characterize a non-uniformly patterned substrate. Subsequent verification 
runs using a simple circuit pattern showed further that a composite parameter involving 
xx 
the overall active area density, the continuum area and the number of AAD contrasts, 
was appropriate. 
For the PTH plating, ACD, CAR, ACD2 and the ACD x ES, ES x CAR interactions 
were found significant but only ES, ES2 and ACD x ES were active for BV plating. 
Second-order models were also developed for the two processes in their respective 
optimum regions and verified experimentally. The optimum values of ACD and ES, 
and the minimum variability achievable were found to increase with the corrected 
aspect ratio of the through-hole. Given the difference in the optimum regions of the 
PTH and BV plating, a new response surface of the PTH process was constructed at 
the optimum region of the BV process and vice versa. The process limiting the 
workpiece level uniformity under different combinations of ACD and ES was found by 
the intersections of these responses surfaces. Finally, process parameters limiting the 
simultaneous minimization of the plating variability of pattern, PTH and BV were 
discussed. It showed that under most situations, the workpiece level variability of BVs 
was higher than that of the PTHs. 
xxi 
CHAPTER 1 
INTRODUCTION 
1.1 Background 
Most printed circuit boards (PCBs) nowadays are electroplated with copper because of 
its abundance and high electrical conductivity. With the current trends toward 
miniaturization, PCB manufacturers are continuously facing the challenge of 
producing quality boards with narrower conductors, smaller spaces, more layers per 
board and smaller diameter holes with larger hole length to diameter ratio. The 
success of electroplating in PCB fabrication depends largely upon efforts to achieve 
uniform films of deposit in spite of difficulties presented by lithographic patterns, 
irregular surface topographies and high aspect ratio holes. 
As electroplating is a Faradaic charge-transfer reaction, the rate of deposition depends 
on the current density (Faraday's law) and, in general, a uniform plating is achieved 
when the current density is evenly distributed over the electrode surface. Therefore, 
the challenge of deposit uniformity is usually posed as a problem of current density 
distribution by researchers in the field of electrodeposition. Although the 
mathematical expressions quantitatively describing the current distribution in electro- 
chemical cells can be rigorously formulated, explicit solutions cannot be obtained, 
except for a few simple cases [Landau, 88], [Newman, 91b]. Simplifying assumptions 
are usually made by considering the extreme situations where the current distribution 
is dominated by a single mechanism. For example, a process controlled solely by 
electrolyte resistance yields the highly non-uniform primary distribution while at the 
other extreme is the mass transfer controlled tertiary distribution which is flow 
dependent. However, the prevailing current distribution in a practical cell is believed 
to assume some intermediate value bounded by those extremes [Landau, 88]. 
Moreover, when there is a competing reaction, such as hydrogen evolution, the current 
The ratio of the length to the radius of the through-hole and blind via is commonly known as the 
aspect ratio. 
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efficiency of plating, i. e. the fraction of the current density actually participating in 
the electrodeposition reaction, is no longer 100% but varies with current density 
[Dukovia, 90]. A discrepancy thus exists between the actual plating thickness 
distribution and the current density distribution under such circumstances, and its 
magnitude is hardly predictable. 
In spite of the above limitations, mathematical treatments of the problem did show 
that the plating uniformity is jointly affected by a set of process and product 
parameters including the bath chemistry and geometry, electrolyte conductivity, 
electrode potential and current density, dimensions and densities of the features. For 
this type of multivariable process, statistical techniques can be used to advantage to 
study the effects of the various parameters on the actual plating thickness distribution 
and help the judicious manipulation of their levels to achieve desirable plating 
uniformity. Relatively little work in this area has been reported in the literature. These 
considerations therefore prompted the author to initiate the research reported in this 
thesis on the statistical modelling of the electroplating process for the control and 
minimization of plating thickness variations at a workpiece level. 
1.2 The Areas of Investigation 
This research was focused on the acid copper electroplating of PCB with lithographic 
patterns, plated-through holes (PTHs) and blind vias (BVs). These three features are 
commonly found in the PCB assemblies of most electronic products. The response 
variable of interest was the variation of the plating thickness of these features across 
the board surface. The process and product parameters studied included the average 
cathodic current density, plating duration, concentration of additive and sulphuric 
acid, electrode separation, line width, active area density ratio of the circuit pattern. 
The effects of the copper sulphate concentration, aspect ratio and depth ratio were also 
studied for the PTH and BV plating. 
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1.3 Research Approach 
The above parameters were studied in fourteen sets of statistically designed 
experiments with the objectives of understanding how the workpiece level plating 
uniformity of the three features is affected by these parameters, and to investigate the 
possibility of minimizing the thickness variability using the statistical models 
developed. 
For the study of multivariable processes, the traditional strategy of experimentation is 
to investigate the effects of several parameters one at a time. In this approach, the 
effect of a single parameter on the response is studied by varying the value (level) of 
this variable while holding the values of the other independent variables fixed [Box et 
al. 78]. This one-factor-at-a-time approach is shown to be inefficient and fails to 
consider any possible interaction between the parameters [Box et al. 78], [Dini 89], 
such interactions are not uncommon in chemical and electrochemical processes like 
electroplating. Moreover, this approach leads to erroneous conclusions regarding the 
stationary point (local maximum or minimum, if it exists) of the response in the 
presence of interactions because it assumes that the maximizing (or minimizing) value 
of one parameter is independent of the level of the others [Box et al., 78], [Taylor, 
89]. Statistically designed experiments, on the other hand, allow simultaneous 
studying of the effects of several parameters and their potential interactions in a 
reasonably small number of runs. 
In the early eighties, Taguchi proposed his parameter-design approach of 
experimentation [Taguchi and Wu, 80], [Taguchi, 80,86,87], and was well received 
in the mid-eighties and early nineties with numerous successful implementations 
reported in the literature [Lin and Kackar, 85], [Pao et al., 85], [Phadke, 86], [Goh and 
Roy, 89], [Haluzan and Reichenbach, 91], [Leisner et al., 92]. 
However, such an approach was not adopted in this study mainly because of its 
controversial statistical analysis techniques [Hare, 90], [Nair, 92], [Myers and 
Montgomery, 95] and its lack of provision for adequately dealing with potential 
interactions between parameters [Ryan, 88], [Montgomery, 97]. In this research, 
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fractional factorial designs were used to screen out the significant parameters and 
obtain first-order models for the graphical analysis of their effects on the plating 
variability. These models indicate the influence of these parameters, and their 
interactions (if any), on the plating rate and variability within the process window, as 
well as the direction of optimizing these two performance measures. Response surface 
designs were then used to obtain second-order models and construct response surfaces 
for the optimization of the plating process to minimize the variability. One-factor and 
two-factor experiments were performed as complements to the factorial designs to 
verify the adequacy of the models built and help the interpretation of parameters' 
effects and the behaviour of the optimum solutions. 
1.4 Structure of the Thesis 
This introductory chapter is followed by five further chapters. Chapter two presents a 
review of the literature relevant to the thesis, which includes a brief description of the 
acid copper electroplating process; classification of the current distribution problem; 
previous modelling work performed at the workpiece, pattern and feature level; and 
the need for and appropriateness of statistical modelling of the electroplating process. 
Chapter three shows the apparatus and materials used in the experiments and 
describes briefly the procedures of the acid copper plating, electroless copper plating, 
and methods of measuring the deposit thickness in this study. 
Chapter four reports the design and analysis of statistical experiments performed on 
the acid copper plating of uniform and non-uniform patterns. It describes the factor 
screening and the building of the first and second order models for the workpiece 
level thickness variability of the process, followed by explanation and verification of 
these models. The verification runs confirmed the adequacy and predictive power of 
these models, and unveiled the effects of average current density, electrode separation 
and active area density contrast on the workpiece level plating uniformity. They also 
showed the limitation of the active area density contrast in characterizing a non- 
uniformly patterned substrate and a new composite parameter is suggested. 
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Chapter five gives an account of the experimental studies of the plating of through- 
holes and blind vias, which investigate, amongst others, the effects of the average 
current density and electrode separation on the workpiece level variability of the two 
features. The resulting models show that the optimum process conditions for the two 
features lie in different regions of the experimental space and therefore two separate 
response surfaces are developed. The chapter then explores the possibility of obtaining 
a compromise solution by intersecting the response surfaces of the two features when 
either one of them is optimized. 
Finally, Chapter six contains an overall discussion summarizing all the significant 
parameters identified and their effects on the workpiece level plating uniformity of 
lithographic patterns, plated-through holes and blind vias. Experimental findings and 
the models developed are interpreted in the light of the results obtained in previous 
research work. The chapter ends with an assessment of the contributions and 
limitations of this study and some indications for future work. 
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CHAPTER 2 
MODELLING OF ELECTROPLATING 
2.1 Introduction 
In this chapter, the research literature on the modelling of current-density distribution 
in the field of electrodeposition is reviewed. Research works are categorized according 
to their length scales and key contributions in each category are identified. Particular 
emphasis is placed on how the deposit uniformity is affected, and optimized, by the 
various process and product parameters of the system, rather than the electrochemistry 
and mathematics involved. A brief description of the process and related mathematical 
treatment of the problem, however, is given beforehand as a contextual preface to the 
subsequent review. 
2.2 The Acid Copper Electroplating Process 
Copper is perhaps the most commonly plated metal because of its low cost, abundant 
supply and, more importantly, its high electrical conductivity (highest other than 
silver). Plated copper is extensively used in circuitry on glass-epoxy for PCBs and the 
through-hole interlayer connections. Copper electroplating solutions containing nitrate, 
cyanide, chloride, acetate and fluorosilicate salts were used in the past, but the only 
solutions widely used today are alkaline copper pyrophosphate and acidic copper 
sulphate/sulphuric acid or copper fluoroborate/fluoroboric acid [Couch and Bikales, 
61], [Dini, 64]. For the circuit processing industry, a relatively thick, ductile and 
rapidly formed deposit is preferable, and the trend towards the extensive use of acid 
copper sulphate bath is prominent in the last few decades. Fig. 1 shows a schematic 
diagram of the process. Typical bath compositions and process control techniques are 
well documented in the literature [Coombs, 88], [Parthasaradhy, 89]. 
The reactions taking place at the two electrodes are : 
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Figure 2.1 : Schematic of the Acid Copper Plating Process 
Cu -> Cu" + 2e (at the anode) 
Cu2+ + 2e --* Cu (at the cathode) 
Strictly speaking, the reduction process taking place at the cathodic surface proceeds 
via two separate one electron transfer steps, i. e. the cupric ion (Cu2+) is first reduced to 
the cuprous ion (Cu') before it is further reduced to its non-ionized state (Cu) 
[Mattson and Bockris, 59]. Typical components of an acid copper plating bath include 
copper sulphate (CuSO4), sulphuric acid (H2SO4), chloride ion (Cl") and brightener (an 
organic additive). 
Copper sulphate is the source of cupric ions. Too high a copper concentration leads to 
reduced cathodic polarization and may increase solution resistance if bisulphate species 
(HS04) are formed. On the contrary, hydrogen evolution and reduced cathodic current 
efficiency may result if the concentration is too low as the current density is increased. 
Anode passivation or excessive polarization at high current densities occurs at high 
total sulphate concentrations as a result of the formation of a precipitate film at the 
anodic surface when the solubility of copper sulphate is exceeded. Depletion of cupric 
ions may cause deposit "burning" at regions of high current density such as the edge of 
the PCB. 
The primary function of sulphuric acid is to provide a high solution conductivity, 
typically about 0.5 ohm/cm. Specific conductivity increases almost linearly with acid 
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concentration from 25 to 150 g/litre [Skowronsk and Reinoso, 27], beyond which the 
changes become smaller due to bisulphate species formation. Increased acid 
concentrations generally reduce deposit grain size and promote plating uniformity, 
especially at a feature level [Lanzi and Landau, 88]. 
Acid copper baths usually contain chloride ions at 60 to 80 ppm. Chloride precipitates 
excessive heavy metal accumulations and influences deposition kinetics through 
adsorption at the adsorb surface [Gauvin and Winkler, 55]. Below 30 ppm, deposits 
will be coarse-grained and dull and the anodes will get polarized, causing plating to 
stop. The organic additives used in acid copper baths contain chemicals commonly 
known as brightener, levelers, and wetting agents or "carriers". The additives adsorb 
competitively at the cathodic surface and strongly influence deposit metallurgy and 
feature-level thickness distribution. The overall effect of additives on metallurgy is to 
disrupt the large columnar grain produced in the absence of additives and to form a 
fine equiaxial grain structure. Without additives, the deposition rates currently 
achieved in through-holes would be impossible [Yung and Romankiw, 89], and 
therefore they are the essential constituent in plating bath fQr high aspect ratio through- 
hole plating. The effective concentration range of these additives is often as large as a 
factor of ten [Pletcher, 82]. 
A wide variety of molecules are mentioned in patents and the literature as brightener 
[Sarma and Nageswar, 84], which usually contain pendant sulphur atoms (thiols, 
disulphides) and a functionality to increase water solubility. These molecules adsorb 
very strongly at the cathode owing to the pendant sulphur atom's high affinity for 
copper. Solution concentrations of only about 10 ppm are required to achieve the 
desired degree of surface coverage. Brighteners frequently participate directly in the 
copper redox and electro-crystallization processes and thus strongly influence deposit 
grain structure and metallurgy. Levelers are generally nitrogen-containing surfactant 
molecules including amines and amides which adsorb strongly at edges and surface 
irregularities and decrease the size of surface topography features that are present prior 
to plating [Mirkova et al., 82]. Carriers are usually polyether glycol and polyoxyether 
molecules with molecular weights ranging from 2000 to 6000. They form an adsorbed 
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layer at the cathode which uniformly polarizes the interface and improves the 
throwing power of the solution [Mayer and Barbieri, 81]. 
2.3 Modelling of Current Distribution 
In order to calculate the current-density distribution along a surface, the distribution of 
the electric potential has to be determined first. The potential theory, developed 
originally for solving thermodynamics and fluid flow problems, is found applicable 
and widely adopted in solving current and potential distribution problems, as reflected 
later in Sec. 2.4. While a comprehensive treatment of the potential-theory model is 
outside the scope of this thesis, a brief description of the model is advantageous 
before the recent literature is reviewed. Detailed explanation of the model can be 
found elsewhere, e. g. [Newman, 91a], [Deconinck, 92]. For the potential model to be 
applicable to an electrochemical system, the following assumptions have to be 
satisfied : 
i/ uniform conductivity, x, of electrolyte, 
ii/ uniform temperature, T, of electrolyte, 
iii/ negligible concentration gradient in the bulk electrolyte, 
iv/ dilute electrolytic solution with small concentration of electroactive species. 
The first three conditions are often satisfied when the electrolyte is well agitated, 
while the last one, which means also that the reacting ions represent only a small 
fraction of the ionic conductivity of the electrolyte, promotes uniform conductivity. 
Under such assumptions, the current distribution is determined by the ohmic potential 
drop in the electrolyte and by electrode overpotentials. The system of mass and charge 
transport equations can be simplified and solved to give an expression of the potential, 
0, within the electrolyte : 
Oz0=O [2.1 ] 
which is also the well known Laplace's equation. The current density, i, is then given 
by the Ohm's law as the normal derivative of the potential, i. e. 
i- -x [2.2] 
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where n is a unit vector normal to the surface. At all insulating boundaries where no 
current flows, Eq. [2.2] gives the boundary condition of 
. 60 =0 [2.3] 
The boundary conditions at the electrode surfaces contain expressions for electrode 
kinetics and concentration polarization and take the form 
0=OE-r7 [2.4] 
where OE is the potential of the electrode itself and r7 is the total overpotential, which 
can be further decomposed into a kinetic or surface overpotential, 17., and a 
concentration overpotential r7c, which arise, respectively, from the kinetic limitation 
of the electrode and the concentration gradient in the thin layer immediately adjacent 
to the electrode surface. The total overpotential is the driving force for the net current, 
i. e. electrodeposition, it takes positive value at the anode and negative value at the 
cathode. Current distribution is usually classified into three main groups according to 
the assumptions imposed on the total overpotential. 
2.3.1 The Primary Current Distribution 
When only the electric field effects are considered and the total overpotential is 
assumed to be zero, i. e. r1= 0 in Eq. [2.4] above, the resulting distribution is called a 
primary distribution. The solution adjacent to the electrode is an equipotential surface 
and the boundary conditions are constant. However, the Laplace equation is not trivial 
to solve, even for relatively simple geometries [Newman, 91a]. The primary 
distribution is determined by geometric factors alone and, in particular, not affected by 
the conductivity and temperature of the electrolyte [Newman, 91a], [Deconinck, 92]. 
It is also the most non-uniform distribution among the three classes of distributions. 
Although the primary model is extremely restricted, the macroscopic current 
uniformity is largely determined by the primary distribution [Wagner, 51], [Kessler 
and Alkire, 76a, b], [Blue, 80]. Analytic solutions have been calculated by various 
authors for simple geometries and commonly used techniques include conformal 
mapping [Wagner, 51], [Hine et al., 56], [Yoshida et al., 67], [West et al., 92], 
separation of variables [Newman, 66] and methods of images [Kasper, . 40,42]. 
Complex configurations can only be solved by numerical techniques such as the finite 
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element method (FEM) [Matlosz et al., 87], [West and Newman, 91] or the boundary 
element method (BEM) [Bialecki et al., 84], [Deconinck et al., 85], [Blue 80]. 
2.3.2 The Secondary Current Distribution 
When the electrode kinetics are considered in the absence of the concentration 
gradient, i. e 17 = q, the secondary distribution results. The potential along the 
electrode surfaces is no longer constant but depends on the local current density, i. 
The most commonly used expression of electrode kinetics is the Butler-Volmer 
equation, 
1= lo[eaa(Fn. iRr) -6-a, 
(F'n, iRr)I [2.5] 
where io is the exchange current density (mA/cm2), cz, and cr are the kinetic transfer 
coefficients of the anode and cathode, F is the Faraday's constant (C/g-equivalent), R 
is the universal gas constant (J/mol"1K71), and T is the electrolyte temperature 
(Kelvin). The nonlinearity of the kinetics expression of Eq. [2.5] renders many current 
distribution problems intractable by analytical methods. To simplify the calculation, 
many analyses of secondary distribution have treated one of the two limiting cases of 
the Butler-Volmer kinetics. At high cathodic overpotential, (approximately, rjf > 0.1 
V), the first exponential function can be neglected and the Tafel expression is 
obtained, 
RT -i ri, 1n- 
aýF io 
[2.6] 
The term RT/aF is referred to as the Tafel slope. A similar Tafel expression could be 
obtained for the anode at high overpotential. At low overpotential, Eq. [2.5] can be 
linearized to give the linear approximation of the kinetic expression, 
i (a, +ac)F 
17s = i0 RT 
[2.7] 
As a result of the additional resistance imposed by the electrode polarization at the 
electrode interface, the secondary distribution is always more uniform than the 
primary distribution. [Wagner, 51] defined a dimensionless group, which is now 
commonly known as the Wagner number [Ibl, 81], that characterizes the secondary 
distribution as 
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Käljs 
Wa=Lo''1lr=r [2.8] 
where i is the average current density (A/cm2) and L is a characteristic length (cm) of 
the system. Wagner number is usually evaluated at either the Tafel limit, WaT, or the 
linear limit, WaL, which is given by 
Wn RTic [2.9] .,.,. r -_ a, FLT 
Wry - 
RTx 
II -L ý 
L 
(aa +a, )FLio 
[2.10] 
Semi-analytic solutions for the secondary distribution can be found for some 
configurations under the linear approximation [Wagner, 51], [Gnusin et al., 65], [Shih 
and Pickering, 87], but normally numerical techniques are the only way to solve the 
problem because of the non-linear boundary conditions. 
2.3.3 The Tertiary Current Distribution 
When concentration gradient becomes significant, e. g. when the limiting current 
density is approached, the concentration overpotential is taken into account together 
with the surface overpotential, i. e. q= rls + rl,, and the current distribution is said to 
be a tertiary distribution. If the electrolyte is well-agitated, the concentration 
variations are restricted to a thin and uniform layer adjacent to the electrode surface, 
known as the diffusion layer which is typically of the order of 0.01cm [Lyons, 74]. In 
the presence of an excess of supporting electrolyte, rl, can be approximated by 
17.7 = 
TIn O [2.11] 
b 
where n is number of electrons transferred, co and Cb are the surface and bulk 
concentration of the reacting ion. As the potential-theory model is no longer 
applicable in the diffusion layer, the problem has to be separated into two regions, a 
bulk region and a diffusion layer region. A solution for Laplace's equation in the bulk 
electrolyte where concentration variations can be ignored is first obtained while a 
separate solution to the convective diffusion equation is applied to the diffusion layer. 
The local current density profile computed from the potential gradient (bulk region) 
and the concentration gradient (diffusion layer) are then forced to be equal to each 
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other along the boundary of the two regions using iterative convergence methods. 
[Parrish and Newman, 69,70], [Alkire and Mirarefi, 73], [Blue, 80], and [Dukovic, 
93] illustrate the uses of different iterative schemes in solving the coupled Laplace's 
and convective diffusion equations. 
Concentration overpotential counteracts equalization of current distribution over the 
peaks and troughs of the electrode surface on a microscale but promotes current 
uniformity on a macroscale. Generally, both effects exist at the same time and tend to 
cancel out each other. In spite of this, the tertiary distribution plays a significant role 
in the modelling of current distribution on a miniscale, which can be significantly 
affected by the mass transport and electrolyte hydrodynamics in the system. It has 
been solved by various authors to study the effect of electrolyte flow [Alkire and 
Mirarefi, 73], [Kessler and Alkire, 76a, b], [Hazlebeck and Talbot, 91b], [Chem and 
Cheh, 96a], and additives [Hazlebeck and Talbot, 91b], [Chem and Cheh, 96a] in a 
through-hole system, and the levelling effect of additives on a microscale [Dukovic, 
90], [Madore et al., 96]. 
On the other hand, the tertiary distribution is also used by some authors [Patel et al., 
75], [Middleman, 86], to specify the limiting case in which the electrodeposition is 
totally mass transfer controlled and ohmic and kinetics effects are neglected. Unlike 
potential theory problems, the treatment of transport limited systems is relatively 
straightforward, provided that the velocity distribution of the electrolyte required for 
solving the convective diffusion equation is obtainable. 
2.4 A Review of Recent Modelling Work 
2.4.1 Scaling of current distribution modelling 
As mentioned earlier in Sec. 2.3, and pointed out by various authors [Deconinck, 92], 
[Geoffrey, 91], [Dukovic and Tobias, 90], analytical solutions of primary and 
secondary distributions are difficult to obtain for even the simplest geometries due to 
the non-linear electrode kinetics and mass transfer characteristics of the electrolyte. 
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There has been a trend to shift from an analytical to a computational and numerical 
treatment of the current distribution problem in the last two decades and, as 
commented upon by [Dukovic, 90], this is the driving force of the advancement of 
electroplating as a science. Approximate solutions obtained by numerical methods 
such as FEM or BEM, however, require the discretization of the boundaries into 
minute segments, usually in the order of microns. The number of nodal points 
required increases geometrically with the number of features on the workpiece and the 
complexity of the geometry [DeBecker and West, 96]. Taking the pattern plating of a 
PCB bare board as an example, if the board contains one hundred patterns and each 
pattern has fifty features, at least 100,000 nodes would be required for a boundary- 
element simulation if twenty node points per feature are needed for a reasonable 
approximation. Therefore, it is usually impractical to simulate numerically the current 
distribution over the entire workpiece, while accounting rigorously for all the 
geometric details of the features and patterns. It follows naturally that many 
researchers focus their modelling work on a particular length scale to simplify the task 
into a manageable one. 
On the classification of length scales, [Kessler and Alkire, 76a] proposed three 
different length scales for the through-hole copper plating of multi-layer PCBs : 
i/ macroscale - region of interest covers the entire board surface, 
ii/ miniscale - region of interest being the individual through-holes, 
iii/ microscale - surface roughness of the plated through-holes. 
Such a classification was also adopted by [Yung et al., 89] in their review paper on 
the copper plating of through and blind holes. [Dukovic, 90] suggested a similar but 
extended hierarchy of size scales which, in the view of this author, is particularly 
appropriate to the PCB electroplating. In his paper, current distribution studies are 
categorized into four levels : 
i/ workpiece scale - distribution over the whole object undergoing electrodeposition, 
e. g. PCB panel, IC wafer, 
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ii/ pattern scale - distribution among the patterns on the surface of the workpiece with 
different density of features, e. g. lithographic patterns over an IC wafer or a PCB 
panel, 
iii/ feature scale - distribution within an individual feature within a pattern, e. g. a 
through-hole, blind-via or conductor wire in a circuit pattern, 
iv/ roughness scale - microscopic roughness or asperities of an individual feature. 
[Mehdizadeh et al., 92] adopted the same classification scheme and suggested 
characteristic lengths for the first three levels : 10 cm upward for the workpiece scale, 
in-between 10 µm and 10 cm for the pattern scale, 10 µm and below for the feature 
scale. However, a review of recent modelling work shows that classification based on 
absolute length is not appropriate. For example, the three-dimensional current 
distribution model developed by [Choi and Kang, 96] for a5 cm x5 cm cathode is 
best classified as a workpiece scale model while the modelling of through-hole plating 
[Yung and Romankiw, 89] is approached with at a feature scale, although its 
characteristic dimension seldom falls below 10µm. Moreover, as most of the current 
distribution problems are formulated and solved in dimensionless forms instead of 
absolute lengths, the characteristic dimensions suggested above can be considered as 
arbitrary only. 
Another important reason for decomposing the problem into different length scales is 
that although the current distribution is governed by the same general phenomena, the 
dominating process parameters are different for each scale [Kessler and Alkire, 76a], 
[Pesco and Cheh, 89]. For example, ohmic resistance is considered dominating on a 
workpiece scale [Kessler and Alkire, 76a] while mass transfer resistance is significant 
within the concentration boundary layer over a particular feature [Kardos and Foulke, 
62]. Scaling of the problem thus enables the researchers to simplify the calculation by 
making assumptions appropriate to the particular scale. 
In the remaining sections of this chapter, recent research work on the computation of 
current distribution in electrodeposition is summarized at the workpiece, pattern and 
feature levels. Roughness scale studies are excluded as this thesis is concerned 
primarily with the fabrication of the PCB rather than electrocrystallization at the 
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microscopic scale. However, important work on the levelling effect of additives is 
discussed in the feature level modelling section. By the same token, only modelling 
work relating to the copper plating with applications in PCB fabrication is reviewed 
here. The modelling work is classified according to its principle objectives instead of 
following the arbitrary length scales as suggested by [Mehdizadeh et al., 92]. 
2.4.2 Workpiece level modelling 
The principle objective of workpiece scale modelling is to determine the distribution 
of current, and hence the deposition thickness, over the entire workpiece undergoing 
electrodeposition. Due to the limitations imposed by analytical methods, early 
investigations were confined to flat surface and simple geometries such as triangular 
[Wagner, 51] or sinusoidal profiles [Wagner, 54]. More complex configurations were 
attempted when numerical methods were later developed and applied to solve the 
problem. Except for the most recent work of [Choi and Kang, 96], the whole surface 
is electrochemically active in the workpiece level modelling problem. 
2.4.2.1 Parallel Planar Electrodes - Two-Dimensional Analysis 
The system of parallel planar electrodes embedded in insulating walls is of particular 
interest and relevance to the electronics industry due to its practical importance - most 
of the industrial electrolytic cells possess this geometrical characteristic. [Moulton, 
05] presented a classical solution for the primary current distribution for two 
electrodes placed on the boundary of a rectangle, using the method of conformal 
mapping with the Schwarz-Christoffel transformation [Newman, 91a], [West et al., 
92]. [Wagner, 51] solved the primary current distribution for parallel electrodes using 
conformal mapping and obtained the expression below : 
i_2 
iovg ý 1-(x/m)z 
[2.12] 
where i is the current density at a point of distance x from the center of the electrode 
(mA/cm2), iavg is the average current density over the electrode (mA/cm2), 2m is the 
length of the cathode (cm), x is the distance measured from the center of the electrode 
(cm). Eq. [2.12] shows that primary current density is infinite at both ends of the 
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electrode and decreases exponentially and symmetrically until a minimum is reached 
at the centre. Secondary distribution under linear electrode polarization was also 
calculated by casting the solution in a Fredholm integral equation with the 
polarization parameter, ke, as the constant term. The parameter kk was defined as the 
product of the gradient of the cathodic polarization curve and the electrolyte 
conductivity. In his analysis, the lengths of both electrodes were equal and assumed to 
be small compared with the electrode separation, D, (m « D). The side walls, i. e. 
insulators perpendicular to the electrodes, were far removed (I » m), where 21 
represents the length of the cell. Using the same method due to [Moulton, 05], [Hine 
et a1., 56] later solved the primary current distribution on both sides of the electrodes 
for different ratios of electrode size, electrode separation and width of the gap between 
the electrode and the insulating side wall. They illustrated quantitatively, with a 
special case when the electrode separation equalled the cell width, that the larger the 
electrodes and the smaller the gap width, the more uniform the current distribution. In 
other words, when cells of the same size and form are considered, larger electrodes 
result in better uniformity in the current distribution. The effects of the back walls, 
assumed to be far removed, and electrode polarization were neglected in their model. 
As they were interested in the relative share of current at the two sides of the electrode 
under different cell geometries, the current distribution itself was not shown explicitly. 
While the studies above were all concerned with working electrodes of equal lengths, 
[Yoshida et al., 67a] and [Koseki et al., 67b] considered the case of unequal electrode 
lengths. Similar to the work of [Hine et al, 56], they determined the primary current 
distribution for different values of electrode separation (D) and gap width using 
conformal mapping. The length of the anode (2n) was set to be smaller than that of the 
cathode (2m), and both of them were attached to the back wall but not touching the 
side wall (m < 1). In their first paper, they developed a general equation for the primary 
distribution and showed that the result was in good agreement with [Wagner, 51 ] for 
the special case of equal electrode length, i. e. n=m. A modified equation was also 
developed specifically for the case when both edges of the cathode reached the side 
walls of the cell. Experimental data were then obtained from an acid copper plating 
process to validate the theoretical analysis and determine the effect of the electrode 
separation and gap width. Actual current distribution on the copper cathode was 
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obtained both by weighing of the electrodeposits, and from the equipotential lines 
constructed in the neighbourhood of the cathode [Evans, 60]. In summary, current 
uniformity was found to be enhanced when 
i/ the anode was narrower than the cathode (n < m), 
ii/ the electrode separation was smaller than the half length of the cathode (D < m), 
iii/ the edges of the cathode were in contact with the side walls (1= m), although only 
a weak influence was observed. 
Theoretical calculations were concluded to be in approximate agreement with the 
experimental results of the authors. However, the assumption of negligible 
polarization has restricted the current density used in their experiments to a very low 
value of 5 mA/cm 2, practical applicability of their model is therefore limited. 
In a subsequent presentation, [Koseki, 68] incorporated the effect of electrolytic 
polarization into the model and solved the secondary distribution for linear 
polarization. A current density coefficient was added to the Fredholm integral 
equation derived by [Wagner, 51] to model the effects of the electrode lengths (m, n), 
separation (D) and cell length (1). According to his calculations, current distribution 
was more uniform when D was small, e. g. D=m, and the electrode length ratio, m/n 
was large, e. g. m/n = 2. The effect of polarization was that the optimal m/n ratio for 
uniform distribution could be reduced if the polarization parameter kk was larger. 
Varying the geometrical factors in the cell such as D or min was found to be much 
more effective than modifying the gap width or the polarization characteristics in 
obtaining uniform current distribution. 
In addition to [Wagner, 51] and [Koseki, 68], the secondary current distribution 
problem with linear polarization was also tackled by [Tobias and Wijsman, 53] in 
their study of electrode resistance effect in a rectangular cell. [Fomichev, 68] solved a 
similar problem for a platinum strip anode and compared his results with experimental 
studies. Secondary distribution under Tafel polarization was solved by [Gnusin et al., 
65] using the integral technique under the same assumptions of [Wagner, 51]. The 
distribution was obtained by rewriting the integral equation into a system of nonlinear 
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equations which was then solved numerically by the Newton method. [Parrish and 
Newman, 69,70] considered the special case of two parallel planar electrodes 
embedded in the walls of a channel with fully developed laminar flow of electrolyte. 
Two dimensionless parameters were defined in their paper to characterize the current 
distribution : 
" J- exchange current density, given by ZFLioIRTi [2.13] 
" J- average current density, given by I fig I ZFLIRTIC [2.14] 
where Z= -n for systems with supporting electrolyte, and the characteristic length L is 
taken as the length of the electrode (cm). Current distributions were calculated as 
functions of different polarization parameters for the following four limiting cases. 
i/ primary distribution (J -* co) : determined by the equation 
i_ ecoshe/K(tanh2e) [2.15] 
iag sinh2 e- sinh2 (2x8/ L) 
where 8 is a dimensionless geometric factor given by nL / 2D*, D is the height of the 
flow channel (cm) and K(m) is the complete elliptic integral of the first kind. The 
above expression shows that the primary distribution depends only on geometric 
factors and it approaches infinity towards the ends of the electrode, i. e. x --3 L/2. 
Asymptotic behaviour of the current distribution at electrode edges was studied in 
detail later by [Symrl and Newman, 89] and [West and Newman, 89] using singular 
perturbation analyses and the FDM. 
ii/ secondary distribution under linear polarization (i. e. iavg « io) :a doubly reiterative 
procedure involving Simpson's method and Gaussian quadrature integration was 
used to obtain the secondary distribution. The results agreed with [Wagner, 51], 
which considered only the extreme cases of D/L -+ oo and D/L«1. The current 
uniformity, defined as the ratio of the maximum to minimum current density, was 
plotted against the dimensionless parameter (aa + a, )J t for different D/L ratios. It 
was found that the uniformity was higher when either of these were smaller, i. e. 
The symbol D is used here instead of h as used by Parrish to harmonize this presentation. 
This parameter, when divided by Z, gives the reciprocal of the Wagner number evaluated at the linear 
limit, i. e. WaL. Therefore, it can be regarded as the dimensionless group characterizing the secondary 
current distribution in the linear regime. 
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when bath conductivity (K) was high or the electrode separation (D) was small. 
Similar conclusions were also reported by [Koseki, 68] for a rectangular cell. 
iii/ secondary distribution under Tafel polarization (i. e. la,, g » io) : results obtained 
were similar to ii/ above for both the current distribution and uniformity, except 
that 3 was used as the dimensionless parameter in this case. Therefore, smaller 
average current density would enhance current uniformity in the high 
overpotential regime. 
iv/ tertiary distribution : Tafel polarization was used in calculating the tertiary 
distribution at different fractions of the limiting current density, 1Iim At a small to 
medium fraction, i. e. ia,, g / ilim < 0.75, the cathodic current was highest at the edge 
where the electrolyte entered the channel. It dropped rapidly along the cathode 
before it rose up slightly again at the other end. This was explained as a 
compromise between the secondary and limiting distributions of current. At higher 
fraction of iavg / ii;., the primary distribution was approached. 
For all the four cases discussed above, it was found also that the current distribution 
was insensitive to the D/L ratio when it was 10 or more. 
[Blue, 80] developed a computer program to solve the tertiary distribution problem 
using the BIEM approach and used the copper plating of a multilayer board as an 
illustration. The plating tank under consideration had a depth of 84 cm, both the 
cathode and anode had a length of 46 cm and their separation was 16 cm. A 
concentration-dependent Butler-Volmer kinetics was used for the surface 
overpotential while two different expressions were developed for the concentration 
overpotential at the anode and cathode to cater for the vertical variations in the mass- 
transfer characteristic of the agitation by gas sparging. Interestingly, the resulting 
distribution was essentially the same as the primary distribution and therefore the 
author concluded that the primary distribution was quite adequate for predicting the 
plating thickness distribution when it was performed at a quarter of the limiting 
Similar to the case of J, Sdivided by Nit, gives the reciprocal of the Wagner number evaluated at the 
Tafel limit, Wal.. It can be regarded as the dimensionless group characterizing the secondary current 
distribution in the Tafel regime. 
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current density. However, no experimental verification of the calculated results was 
given in the paper. 
Optimization of workpiece scale current uniformity using an auxiliary electrode was 
studied in detail by [Mehdizadeh et al., 1990]. They developed a program to calculate 
the secondary current distribution under the Tafel kinetics using a BEM approach and 
determine the optimum current density of a ring auxiliary electrode to minimize the 
nonuniformity on a disk electrode. The current distribution was characterized by two 
dimensionless parameters 
" Wa=RTx/Fajrr [2.16] 
"I=i, aux I ZC 
[2.17] 
where Wa is the Tafel form of the Wagner number, iC is the average current density 
on the cathode (mA/cm2), rr is the radius of the cathode (cm) and 'AUX is the average 
current density on the auxiliary electrode (mA/cm2). The nonuniformity of the current 
(thickness) distribution was quantified as the normalized root-mean-square deviation, 
a, of the cathodic current density, i,, from its average, iC, i. e. 
1 r, 2s 2 
UZ =2JJ 
VCCJ 
rdGdr [2.18] 
C r=o 0.0 C 
A very strong influence of I on the secondary distribution was observed and the effect 
was found to be opposite on different regions of the electrode. As I was increased, the 
local current density on the edge was found to be decreased while that on the central 
part was increased, indicating that there should be some value of I that would 
minimize o. An optimization algorithm was developed and incorporated into the 
BEM code to determine the optimum value lop, that would give a minimum a (aop, ) 
for a particular value of i,. Effects of the following geometric factors on the optimal 
solution were modelled : the radius of the auxiliary electrode (rAux), the gap size 
between the cathode and auxiliary electrode (g), and the radius of the wall of the cell 
(r,,, ). A standard problem typical of acid copper plating was solved and parametric 
departures from this base case were examined in detail with several plottings. 
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i/ a plotted against I for Wa values ranged from 0.01 to 10 : it was found that both 
Jopt, Iopr and the sensitivity of a toward I was lower at higher Wa numbers, i. e., 
better uniformity could be obtained at lower current density on the auxiliary 
electrode for a wider range of 1 when Wa is large. 
ii/ a plotted against I for rAUx / rr ratios ranged from 1.4 to 2.8 : both o p, and Iopt 
decreased with increasing rAUx l rr ratios but the sensitivity of a toward I was 
higher at large rAux / rr ratios. Therefore, a larger auxiliary electrode could enhance 
current uniformity but tighter control of 'AUX was required. 
iii! aplotted against I for g/ rr ratios ranged from 0.01 to 0.1 : lower values of lop, was 
obtained as g was decreased, but Qop, varied curvilinearly, suggesting the existence 
of an optimum gap size. It was explained as a compromise between the 
undesirable edge effect and the current "thieving" action of the auxiliary electrode. 
As expected, this optimum gap size was found to be dependent on Wa and it was 
smaller for lower Wagner number. 
iv/ a plotted against I for r,,, / r, ratios ranged from 2 to 5: similar to iii/ above, lower 
values of lop, were obtained as r,, was decreased, i. e. when the wall was brought 
closer to the auxiliary electrode. However, Qp, was found to be minimized when 
the cell was slightly bigger than the auxiliary electrode instead of touching it, 
although the latter case was expected based on the results of [Hine et al, 56] and 
[Koseki et al., 67b]. It was suspected that when the wall was too close, the 
auxiliary electrode distribution was constrained in a disadvantageous way. 
v/ Qopt plotted against rAUx / rr for g/ rr ratios ranged from 0.006 to 0.13 (for fixed cell 
size of rw = 2r, ) :a minimum was observed for each value of g considered and 
lower minima were obtained for smaller gaps and these occurred at higher values 
of rAUx. Optimum combination of g and rAux for a given cell size could be 
obtained from the plot. 
No experimental verification of the proposed model was given. 
2.4.2.2 Parallel Planar Electrodes - Three-Dimensional Analysis 
[Shih and Pickering, 87] presented the first three-dimensional modelling of the 
secondary current distribution under linear kinetics on a square planar electrode (2 cm 
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x2 cm) with the anode infinitely far away. The local current density function was 
expressed as a Fredholm integral equation of the second kind and solved numerically to 
give the secondary distribution over the whole cathodic surface. The same method had 
been employed by [Wagner, 51] and [Koseki, 68] in solving the two-dimensional 
secondary distribution problem. A three-dimensional plot of the current distribution 
showed that current density was highest at the four corners and lowest at the center of the 
board. The major difference between the three-dimensional and two-dimensional model, 
which predicted a maximum current density at the edges [Wagner, 51], [Parrish and 
Newman, 69,70], was clearly presented. The ratios of the local current density to the 
average value from the center to the corner, center to the mid-edge, and midedge to 
corner was plotted for a wide range (0.006 - 10) of the Wagner polarization parameter 
ke' / A, which was given by 
kk = x(dcYdi)p [2.19] 
where (d¢Ydi)p is the slope of a point p on the linear portion of the cathodic polarization 
curve and A is the half-breadth of the electrode (cm). Current distribution was found to 
be more uniform when kdA was larger, a similar trend as observed in the two- 
dimensional case where a larger Wagner number implied a higher uniformity [Wagner, 
51]. Higher current uniformity could be achieved by either increasing the bath 
conductivity (x) or the dgYdi ratio. Rewriting the Wagner number in the form of kjA, the 
authors illustrated also the scale effect pointed out by [Agar and Hoar, 47] and [Hine et 
al., 56], i. e. uniform distribution resulted when the electrode was small (kjA » 1), 
whereas primary distribution was approached for the case of large electrode (kjA « 1). 
According to their calculations, VA should be larger than 10 for the current distribution 
to be uniform within ± 2.6% (center-to-corner), larger than 5 for a±5.0% variation and 
larger than 2.5 for a±8.5% variation. On the other hand, the largest cathodes for which a 
uniform distribution could be produced solely by controlling the bath composition to give 
a large kk were found to be of the order of 51 cm only. This limit was calculated for a 
high-throwing bath with an equivalent Wagner number of 7.5. This is in agreement with 
the conclusion of [Koseki, 68] that controlling k,, alone is ineffective in obtaining 
The parameter kc is actually the product of the Wagner number, Wa, and the characteristic length of the 
system, which is A is this case. k. /A is therefore the Wagner number commonly used to characterize the 
current distributions in two-dimensional analysis, such a formulation facilitates the subsequent discussion 
of the scale effect in the three-dimensional case. 
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uniform distribution. Although experimental verification of the proposed model was not 
provided, they show that their semi-numerical solution method, when applied to a two- 
dimensional case, gave the same results as presented by [Wagner, 51]. [Dukovic, 90] and 
[Choi and Kang, 96] have also pointed out that the algorithm proposed was not readily 
extendable to more complicated systems. 
A three-dimensional model was later developed by [Choi and Kang, 96] to predict the 
current distribution on a uniformly patterned cathode with an auxiliary electrode. 
Although the process under investigation was the electrodeposition of the permalloy 
(80% Ni-20% Fe) instead of copper, it is included here because i/ no similar modelling 
work is found in the literature for the copper plating process, and ii/ the electrodeposition 
of magnetic alloys has important applications in the computer industry [Shinoura, 96]. 
The cell used in their study consisted of two square electrodes (5 cm x5 cm), separated 
by 4 cm and placed at the center of the bottom and ceiling of a rectangular cell (12 cm x 
12 cm x4 cm). In their calculation, the non-linear Butler-Volmer kinetics on the cathode 
was approximated by a simple log-type expression (rl =a+b log i) and the total 
overpotential (rl) was not decomposed into a surface overpotential and a concentration 
overpotential. The relationship between the total overpotential (77) and the cathodic 
current density (i) was first determined experimentally in a paddle cell [Powers et al., 72] 
at a fixed stirring speed, the logarithmic polarization curve was then obtained by least- 
squares fitting. The potential and current distribution problem was solved by the BEM 
with triangular type linear elements. Using the concept of active-area-density (AAD) 
(Sec. 2.4.3, Eq. [2.25]) developed by [Mehdizadeh et al., 92,93], they have modelled the 
effect of AAD on the three-dimensional current uniformity and determined the optimum 
size of auxiliary electrode as a function of the AAD. The corner and side effects found in 
[Shih and Pickering, 87] were also observable in the uniformly patterned cathode, and the 
effects were found to be more severe when the AAD was larger. This was explained by 
the fact that when the AAD increased, both the average superficial current density and 
the total current through the cell was increased [Mehdizadeh et al., 93]. Their results 
show further that not only the AAD contrast among different regions of the cathodaic 
surface can promote thickness nonuniformity over the surface of the substrate (as 
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discussed in [Mehdizadeh et al., 93] and Sec. 2.4.3 below), AAD itself has significant 
influence on the workpiece scale uniformity. Current distribution was more uniform 
for smaller AAD. On the other hand, it was found that the auxiliary electrode could 
reduce the workpiece scale nonuniformity, and uniform distribution could be obtained 
by proper combination of the auxiliary electrode and the AAD. It was explained by the 
contradicting effect of the size of the auxiliary electrode on the local current density 
over the corner/side parts and the central part of the cathode. A similar effect has also 
been reported by [Mehdizadeh et al., 1990, see Sec. 2.4.2.1] for an unpatterned 
circular cathode with a ring auxiliary electrode. Optimum auxiliary electrode size was 
calculated for four different AAD values and they were found to increase with the 
AAD. However, it should be noted that the auxiliary electrode considered in their 
paper has the same potential as the cathode while it is generally understood that they 
need not be equal [Dalby et al., 75], [Howe et al., 79], and separate galvanostatic 
control of the two electrodes is more favorable in case of a large AAD. Finally, it is 
interesting to note that, although the cell configuration was clearly explained, no 
comparison with experimental data was given in their paper. 
2.4.2.3 Hull Cell Modelling 
Developed and described by [Hull, 39], the Hull cell is a versatile tool frequently used 
for maintenance and control of industrial plating baths, primarily because of its low 
cost, simplicity of operation, and its actual correlation with plating production 
[Duffek, 88]. Trial running of new process settings or bath ingredients can be 
conducted without interrupting normal production. It has a trapezoidal structure 
consisting of two nonparallel electrodes and two insulating walls. The cathode is tilted 
with respect to the anode so that a wide range of current densities can be obtained in a 
single experiment and the quality of deposits produced over a wide range of plating 
conditions can be studied. Technical aspects of Hull cell applications are discussed by 
[Duffek, 88] and [Sanicky, 85]. 
An empirical formula for the primary current distribution in a Hull cell panel 
(cathode) was given by [Norm, 83] as 
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i(z) 
- 2.3 3 log 
1-0.08 
i"19 1-z 
[2.20] 
where i(z) is the local current density of a point at a normalized distance z measured 
from the low current density edge and 0.186 <z<0.941. [West et al, 92] presented an 
analytical solution of the primary distribution using conformal mapping with two 
Schwartz-Christoffel transformations. Similar methods were also employed by 
[Moulton, 05], [Hine et al., 56] and [Yoshida et al., 67a] in solving primary 
distribution problems. The current distribution, estimated as 
i (Z) Z 1.273 
- 0.359 
(1.733 
- 0.736z) [2.21] 'avg (1 - Z) 
was found to be in good agreement with the empirical solution of [Norm, 83]. 
Numerical calculations were performed by [Matlosz et al., 87] with both the FEM and 
the BEM to determine the primary distribution. The numerical solutions obtained by 
both methods were in good agreement, and they matched well with the solution of 
[Norm, 83]. Using the two numerical techniques, they have also calculated the 
secondary current distribution with Butler-Volmer kinetics. Making use of the fact 
that there existed a one-to-one relationship between the applied potential and the 
average current density on the cathode, they performed a dimensional analysis and 
found that the dimensionless current density (i(z)/4, g) was dependent on three 
dimensionless parameters only. For a fixed Hull geometry, the three parameters were 
" WaT = '6`K [2.22] 
lags 
K 
ý WaL ios(1/J6a +1/Q, ) 
[2.23] 
" ßa / j6ý, [2.24] 
where ßß and ßQ correspond to the cathodic and anodic Tafel slope, and the 
characteristic length e was chosen as the difference in length of the two insulating side 
walls. Eq. [2.22] and [2.23] are indeed equivalent to the conventional definition of 
[Wagner, 51] (Eq. [2.9] & [2.10]) as the Tafel slope is given by RT/crF (Eq. [2.6]). 
The influences of the three parameters on the current nonuniformity, defined as the 
ratio of the maximum to minimum current density along the cathode, were 
determined. Two different iteration procedures were used in the finite element and 
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boundary element algorithm to cope with the nonlinear boundary conditions. Their 
calculations show that the current distribution (i(z)/i,,, g) depended only on a single 
parameter for the limiting case of low and high cathodic overpotential, WaL and WaT, 
respectively. In either case the current uniformity increased with the dimensionless 
parameter. For the general case where the Butler-Volmer kinetics was applicable, the 
uniformity was influenced by all the three dimensionless parameters mentioned above. 
The general dependence of i, ax/ia,  on these parameters was reported as below : 
- for small WaT, the Tafel approximation was applicable and the primary distribution 
was approached in the limit of very small WaT (e. g. < 0.5) 
- for large WaT (e. g. > 100), the uniformity depended solely on WaL and uniform 
distribution was approached for high WaL values 
- at intermediate values of WaT, the ratio ßa 1 , 
8, determined the optimal uniformity 
obtainable, minimum i., li, ;  ratio (even smaller than its final limiting value at high 
WaT) might exist within this range, e. g. when WaT =1 and ßa /'6, = 0.2, the most 
uniform distribution was resulted when WaT =7 instead of infinity. 
They have also compared their numerical calculations with experimental results using 
a plating bath of copper sulphate (CuSO4,0.6111) and sulphuric acid (I12SO4,1M) at 25 
°C. Actual and predicted current distribution was compared for War values ranging 
from 0.063 to 1.60 using different average current densities, img, of the cathode. Good 
agreement was reported except for large values of War (0.95 and 1.6) where the 
current efficiency was found to be low also. 
2.4.3 Pattern level modelling 
Pattern level modelling tackles the problem of current distribution over a plating 
surface with unevenly distributed electroactive areas. A typical example is through- 
mask plating, also known as pattern plating, of printed circuit boards with unevenly 
distributed lithographic patterns. Among the three levels of modelling, the pattern 
level problem has received little attention although the technology of through-mask 
plating has been reported in the literature [Romankiw et al., 74] and widely used in 
PCB manufacturing for more than twenty years. This is evidenced by the fact that 
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literature containing a formal mathematical treatment of the problem is practically 
non-existent before 1988 [Dukovic, 90]. There are two possible reasons : 
i/ the significant amount of work reported for workpiece and feature scale modelling, 
particularly through-hole plating, suggests that problems in these two domains are of 
sufficient complexity to demand the effort of most researchers in this area, 
ii/ the numerical technique required to solve the pattern scale problem, notably the 
BEM, has evolved as a viable tool only after its successful application in solving 
problems at the other two scales. 
During through-mask plating, it is observed that the distribution of the patterns has a 
very strong influence on the resulting current and thickness distribution over the 
substrate. Specifically, regions with sparsely populated patterns, e. g. isolated through- 
holes, tend to grow a thicker electrodeposit than those with higher pattern densities. 
This effect, which is well known by the industrial practitioners, was first described by 
[Romankiw et al., 74] when they were fabricating a bubble domain memory chip with 
pattern plating and sputter etching. [Horkans and Romankiw, 77] later discussed such 
an effect in the pulse-plating of gold and explained it by the "crowding" of lines of 
current into these isolated patterns. [Yung et al., 89] mentioned also the effect of 
circuit layout on the macroscale thickness uniformity. Methods suggested to mitigate 
this undesirable. patterning effect include the use of on-board "current thieves", which 
utilizes dummy patterns on the board surface to even out the current distribution 
[Romankiw et al., 74], an auxiliary cathode with separate galvanostatic control as off- 
board current thief [Dalby et al., 75], [Berger et al., 80] and non-conducting current 
shields positioned between the cathode and anode [Dalby et al., 75], [Parthasaradhy, 
89]. 
[Mehdizadeh et aL, 88] proposed the first, and so far the only, theoretical and 
mathematical model of current distribution over a patterned substrate using the 
potential-theory model for electrodeposition. In their 1992 paper [Mehdizadeh et aL, 
92], they introduced their active-area density model and solved rigorously the 
secondary current distribution across two neighbouring regions with different active- 
area densities. The active-area density, AAD, is defined in their models as 
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., r 
Aaý 
AAU = 
where AQc, is the active area exposed to electrodeposition over a particular region , e. g. 
the actual area of circuitry patterns over a PCB, and ASP is the superficial area of that 
region, e. g. the geometric area of the PCB. As illustrated in Fig. 2.2, a large value of 
AAD represents a densely populated region and vice versa. It shows also that the AAD 
applies equally well to characterize the plating over topographic patterns such as the 
electrodeposition of copper bumps. 
patterned maskings bare electrode 
ýI \\ 
a/AAD=0.2 b/AAD=0.8 c/AAD=1.0 d/AAD=2.0 
Fig. 2.2: The Concept of ActiveArea Density Proposed by [Mehdizadeh et al., 1992] 
Asuv 
without masking patterning 
[2.25] 
topographic 
To model the current crowding effect [Horkans and Romankiw, 77] of the surface 
pattern, Mehdizadeh et al. defined two different current densities, iC, Sup and ic, ACT at 
the cathode surface. The superficial current density, !,. Sup, is the local average current 
per unit superficial area while the active current density, ic. ACT, represents the current 
per unit active area that determines the local plating rate under Faraday's law. They 
are related by 
1 
c, ACT = 
1c'sUP 
AAD 
[2.26] 
By using the ic, ACT as the current density in the Butler-Volmer equation of the cathodic 
kinetics, the patterning effect is successfully incorporated into the mathematical 
model. The potential problem is then solved numerically by the BEM using two 
nested levels of iteration to give the secondary current distribution across two adjacent 
zones with different AADs. The problem for a patterned cathode surrounded by a 
coplanar and concentric auxiliary electrode was also solved and the optimum current 
density at the auxiliary electrode was identified for a particular AAD. Two major 
assumptions were made in order to simplify the problem and achieve computational 
savings : 
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i/ mass transfer effect of the depositing metal and additives are neglected, i. e. the 
tertiary current distribution is not considered in the model, 
ii/ a pattern over a particular region is approximated as a continuum and the patterned 
electrode is described entirely in terms of its AAD, i. e. individual features that 
constitute the pattern are disregarded. 
Several important findings and practical implications derived from the model are 
summarized below. 
" pattern scale nonconformity depends on different parameters for different Butler- 
Volmer kinetics : 
- at high overpotential, i. e. the Tafel regime, it depends on a single parameter, the 
Wagner number, WaT, only 
- in the intermediate regime, it depends on WaT , WaL / AAD and q, 
/ q, where 
AAD is the overall average active-area density of the whole substrate surface 
- at low overpotential, i. e. the linear regime, it depends again on a single parameter, 
WaL / AAD 
similar parametric dependence was also observed in workpiece scale current 
distribution [Matlosz et al., 1987], as mentioned earlier in section 2.4.2.3 above. 
" AAD does have significant effect on the pattern scale current distribution, higher 
active current density, iACr, is found on the zone with lower AAD, i. e. sparely 
patterned area, and vice versa, 
" the degree of non-uniformity, defined by the difference of the maximum and 
minimum of TACT within the region of interest, increases with the AAD ratio of the 
two neighbouring zones 
" the AAD effects described above decrease with War, the Wagner number in Tafel 
form, therefore pattern-induced nonconformities can be reduced by 
- increasing the bath conductivity, ic 
in the AAD model, the modified Wagner number, Wa, evaluated at the Tafel (T) and linear limits (L) 
are given by 
a 
RTK 
Wa, iK 
ý 
and WaL = 
, 
FL, su (ao +a, )FLio 
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- using a smaller i, sUP , the average superficial current 
density over the cathode, 
this, however, gives a reduced plating rate 
- reducing the AAD contrast among different regions on the substrate 
- reducing the size of the zone over which the AAD contrast occurs, i. e. reduced L 
- reducing the average AAD over the entire substrate and hence the 1C SUP 
" for a particular plating rate, a substrate with uniform patterns will have better 
thickness uniformity than an unmasked substrate as the !c sUP is smaller. 
This comprehensive theoretical and mathematical treatment of the lithographic 
patterning effect was later verified experimentally and augmented by the same authors 
in [Mehdizadeh et al., 93]. In their experiments, acid copper plating was performed on 
a patterned cathode (4.7 x 4.7 cm) under controlled agitation using a specially 
designed paddle cell [Powers et al., 72]. Six different combinations of acid 
concentrations and i, suP were used to simulate a wide range of 
WaT (0.4 to 7.6) 
values. The patterns consisted of alternate zones of parallel lines with 10% and 90% 
AAD and three different line widths were used. The deposit thickness over a line (0.7 
cm) crossing two zones of different AAD (0.1 and 0.9) was measured with a 
profilometer and compared with theoretical predictions for all the three line widths. 
For moderate and high values of WaT, good agreement was found between the 
measured and predicted values, showing that their AAD model using continuum 
approximation was accurate when mass transfer effects were negligible. However, in 
the region with high AAD, the model was found to under-predict the thickness in the 
case of low cathodic current density, and over-predict for a high current density. The 
deviation was found to be greater for baths with lower Wagner numbers. It was 
believed that non-negligible mass transfer effect was induced by the radial diffusion' 
over the lithographic pattern. The former model, which they named the secondary 
model, was further extended to include a simplified treatment of such an effect. In that 
tertiary model, the concentration overpotential, rlc, was included in the Butler-Volmer 
equation to obtain the tertiary current distribution for the mass transfer effect. An 
it refers to the radial enhancement of diffusion of the depositing reactant from the bulk of the 
electrolyte to the bottom of a trench, leading to the preferential growth of deposit at the two sides of 
the trench and thickness nonuniformity, [Romankiw, 79] and [Hume el al., 84] discussed this effect in 
patterned electrodeposition. 
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enhancement factor c was developed for a trench geometry (cross-section of a line) 
and used to construct a simplified expression for the concentration overpotential. The 
tertiary model was found to give better thickness prediction than the secondary model, 
especially in the case of high current density. The model shows that both active-area 
density effect and the pattern-driven mass transfer effects are contributing to the 
nonuniform current distribution over lithographic patterns. 
2.4.4 Feature level modelling 
In feature level modelling, the area of interest is limited to the small region of a single 
feature on the substrate being plated, e. g. a through-hole or a rectangular trench of a 
polymeric mask on a PCB. At this small scale, the influence of mass transfer and 
concentration overpotential, as well as the evolution of the electrode shape during the 
deposition process become highly important [Dukovic, 90]. All these add to the 
complexity and difficulty of the current distribution problem. A majority of the 
investigations undertaken at this level deals with the electroplating of through-holes, 
probably because of their extensive use in PCB fabrication and the importance of vias 
in circuit connectivity. 
2.4.4.1 Through-Hole Modelling 
[Alkire and Mirarefi, 73] calculated the current distribution within a tubular electrode 
under laminar flow and this is regarded as the first mathematical analysis of the 
through-hole problem [Yung et al., 89], although the geometry and placement of the 
anode is different from a real through-hole situation. In their analysis, a tubular 
cathode was positioned between two long pipe sections of insulators while a single 
anode was placed either on the left (upstream) or right hand (downstream) side, with 
the electrolyte flowing from left to right. Two dimensionless groups that characterize 
the distribution were identified : 
" linear polarization parameter, ý= 
2nF 
RTK 
L2 2 
9° [2.27] 
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" average limiting current density, N= 
3nF 3nF L2 L2 
1'"" [2.28] 
where L and Ro are the length and radius of the tubular electrode (cm), and i1;,,, is the 
limiting current density determined from the convective diffusion equation within the 
diffusion layer region (A/cm2), which is assumed to be thin with respect to R0. The 
strongly coupled Laplace's equation and the convective diffusion equation were 
solved simultaneously through a complex iterative procedure. When the cathodic 
current was far below the limiting current (< 0.25ii; m) and secondary distribution was 
dominating, current distribution was found to depend only on ý which denoted the 
ratio of potential loss in the electrolyte to surface overpotential. Uniform distribution 
was obtained for very small ý (« 1) when most of the cell potential was consumed by 
surface overpotential which was independent of the distance from the 
counterelectrode. In case of ý» 1, the nonuniform primary distribution is resulted. At 
the limiting current where the reaction was totally mass-transfer controlled, the current 
distribution was found to be independent of both N and ý, and the position of the 
counterelectrode. It was given by i,;. (I/ z)"3 where z is the distance measured from 
the edge of the electrode where the electrolyte enters. A similar result was noticed by 
[Middleman, 86] for the through-hole system under the same assumption. At 
intermediate currents, the limiting distribution was encountered when Nwas small and 
the secondary distribution was approached when N is large. N reflects the relative ease 
of the mass transfer process and the passage of current through the electrolyte. These 
theoretical calculations were later verified experimentally in [Alkire and Mirarefi, 77a, 
77b] with acid copper plating using a specially designed sectioned copper electrode. 
Good agreement was observed for a wide range of fractions of limiting current. The 
sufficiency of the above two dimensionless parameters in characterizing the current 
distribution has also unveiled the interesting fact that it is the ratio L2/RO instead of the 
commonly used "aspect ratio" L/Ro that determines the difficulty in achieving uniform 
plating of through-holes. Such a misconception was also pointed out by various 
subsequent authors [Kessler and Alkire, 76b], [Yung et al., 89], [Hazlebeck and 
Talbot, 90]. Therefore, not all holes with the same aspect ratio are created equal for 
plating purposes. A thinner board with holes of smaller diameter will have more 
uniform deposition than a thicker one with holes of larger diameter because of the 
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smaller ý value for the thinner board, even through they have the same aspect ratio 
and are plated at the same average current density. 
Noting the difference between the tubular electrode and the actual through-hole, the 
model described above was used by [Kessler and Alkire, 76a, b] to develop an 
analytical model for predicting electroplated copper thickness distribution on 
multilayer PCBs. The original parameter N and a modified 4, denoted ýTK were used 
as the dimensionless parameters, and 
2a, FL2 
ýTK =-i [2.29] RTR0, c 
where the length of the electrode, L, corresponds now to the thickness of the PCB. 
The substitution of io by 1 in the above expression meant that the effect of plating 
additives was ignored in their model. Model predictions were compared with 
experimental data obtained from an acid copper plating process over a wide range of 
operating conditions including an actual multilayer board product. The model 
provided a conservative prediction for the PTH resistance, throwing power" as well 
as the actual plating thickness with acceptable over-all agreement. [Lanzi, 85] 
explained and rectified the error with a corrected Tafel slope reported by [Mattson and 
Bockris, 59]. Deposit uniformity was found to be highly correlated with ýTK in the 
absence of mass transfer limitation, i. e. high copper concentration and sufficient 
agitation. Moreover, criteria for uniform distribution were concluded from the 
comparison as follows : 
it ýTK <1 or uniform yTK throughout the whole panel : plating quality on the feature 
and workpiece level could be enhanced, respectively, by smaller average current 
density, 1, and an uniform primary current distribution, poor through-hole quality 
observed for ýTK >1 suggested that nonuniform distribution was mainly the result of 
large ohmic effects. 
ii/ 1<0.25T,,,.: where i,; m 
is the average limiting current density, this criterion was 
deduced from the observation that rough deposits occurred when i>0.25l,; m 
due to 
00 The throwing power is defined as the ratio of the plated copper thickness at the outer edge, t% of the 
hole to that in the center, tH. 
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mass transfer limitations, which was also reported by [Gabe and Robinson, 71]. Such a 
criterion imposed a lower limit on the average electrolyte velocity within the hole for 
adequate electrolyte convection. For example, if a through-hole of Ro = 0.023", L= 
0.123" is to be plated in a 0.27M copper sulphate electrolyte with an average current 
density T= 40 mA/cm2, a minimum average electrolyte convection of 4 cm/sec is 
required for a good deposit. As this limit was system dependent, a nomogram was 
provided in [Kessler and Alkire, 76a] to aid the determination of desirable values of 
rK and N from Ro, 1 and L, and hence the required electrolyte velocity for the plating 
system they have investigated. 
The two criteria discussed above were also confirmed experimentally by [Engelmaier and 
Kessler, 78] for high conductivity acid-copper sulphate electrolyte in an 80 litre forced- 
flow plating system. The addition of brightener additive, which was not considered in 
Kessler and Alkire's model, was also experimented with. Plating quality was evaluated 
by the through-hole resistance, throwing power as well as metallographic examinations. 
Apart from the confirmation of the plating criteria, they found also that plating with the 
organic additive was considerably less sensitive to variations in the plating parameters 
which were likely to occur in the industrial production. The operating window could be 
widened to ýTK <2 and i<0.25 i,. to allow for more latitude for current density 
variations. Moreover, they have also estimated an equivalent electrolyte velocity of 0.25 
cm/s and 1.7 cm/s for agitation with air sparging and natural convection, respectively. 
These values can serve as useful guidelines in determining whether additional means of 
agitation are required for a particular plating condition. In a recent study, [Chem and 
Cheh, 96a] simulated through-hole plating by a tubular electrode with an abrupt decrease 
in the radius in the middle section to form the through-hole. The tertiary current 
distribution inside the hole was solved with the methodology of [Parrish and Newman, 
69,70]. Theoretical predictions were compared with experimental results obtained from 
sectioned copper ring electrodes in a cylindrical channel. Satisfactory agreement was 
found at different current densities, aspect ratios and flow rates. 
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In all the models discussed above, the flow of the electrolyte was unidirectional only. 
[Patel et al., 75] measured the wall mass transfer in fully developed pulsating laminar 
flow in a tube for different tube diameters, pulsating frequencies and amplitudes, and 
electrode lengths. The plating uniformity improvement due to flow reversal was not 
accommodated in their analysis. [Haak et al., 81 ] investigated the relative importance 
of air sparging in comparison with mechanical board oscillation and their effects on 
the mass transport rate over the entire surface of the board as well as in the interior of 
the through-holes. However, no measurement of plating thickness uniformity along 
the hole axis was presented. [Middleman, 86] compared the effect of unidirectional 
and periodic alternating flow on the plating uniformity, assuming that the 
electrodeposition was entirely controlled by mass transfer. Although such an 
assumption was considered inappropriate for the through-hole plating problem 
[Dukovic, 90] and impractical [Hazlebeck and Talbot, 91a], his simplified analysis 
did show that periodic flow reversal was much more effective in promoting uniform 
reaction rate along the hole length than steady flow in one direction. The ratio of 
maximum to minimum plating rate in the region 0.1: 5 z/1: 5 0.9 was reduced by 40% 
when flow reversal was introduced. [Hazlebeck and Talbot, 91b] found also that same 
deposit uniformity could be achieved at a much lower flow rate (one-tenth) by using a 
reversed flow process rather than unidirectional flow. However, [Pesco and Cheh, 89] 
showed that under normal operating conditions where through-holes were plated far 
below mass transfer limiting conditions, the effect of flow reversal on the current 
distribution was negligible. [Hazlebeck and Talbot, 91b] showed also that plating 
uniformity was virtually independent of the flow direction or periodic flow reversal 
when the plating was ohmic-limited. Finally, the fact that only mild convection was 
required to avoid mass transfer limitation, as pointed out by [Lanzi and Landau, 88] 
and [Yung et al, 89], was not recognized in Middleman's analysis. 
Miniturization of modem electronic products requires the fabrication of thicker multi- 
layer boards (MLBs) with higher circuit density and longer, smaller through-holes in 
an industrial scale. These holes must be plated at sufficient rates with acceptable 
deposit thickness uniformity along the holes. Theoretical analysis of the plating of 
high aspect ratio (HAR) through-holes was carried out by [Lanzi and Landau, 88]. 
Limiting current density due to mass transfer and ohmic resistance effect was 
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calculated separately to examine which transport mechanism imposed the critical limit 
on the plating uniformity of HAR through-holes. Two expressions were developed : 
" mass transfer: iLa,, g = 
FR'ch {l. 15AY3 -1.2-0.65A-y} [2.30] 
0 
9 ohmic resistance : ic, = ir2RTRox / acFL2 [2.31] 
where iL wR 
is the average current density at the limiting mass transfer rate (mA/cm2), 
D; is the diffusion coefficient of the cupric ion (cm2/s), A is a convection variable 
jointly determined by hole / bath geometry and electrolyte characteristic ttq i,. 12 is the 
upper limit of the (secondary) current density at the centre of the hole imposed by the 
ohmic resistance (mA/cm2). By comparing the functional dependence of ic-a,. g and 
i,, n 
on the parameter L2/Ro, they found that the ohmic limit was much more sensitive to 
the through-hole dimensions : inn decreased more rapidly than iL avg when 
L2/Ro be- 
came larger. Moreover, this limit was well below the mass transfer limit when L2/RO 
was large, i. e., the ohmic limitation took effect at current densities well below those at 
which mass transfer became a significant limitation even for moderate amounts of 
agitation. It was therefore concluded that the ohmic rather than the mass transport 
resistance (as commonly perceived in the plating practice) imposed the critical 
limitation on the current density at which through-holes may be uniformly plated. 
[Yung et al., 89] illustrated such dominating effect of the ohmic resistance with a 
numerical example and showed that only a small electrolyte velocity was needed to 
avoid mass transport limitations at a plating current density of 40 mA/cm2, but 
uniform deposition was unattainable unless the current density was reduced to an 
extremely low level of 0.4 mA/cm2. It follows that, unless the deposition process is 
totally mass-transfer controlled, increasing the level of iL.,,, g 
by vigorous agitation or 
jet impingement [Alkire and Ju, 87] has limited enhancement effect when plating 
HAR holes with high current densities. On the contrary, the plating uniformity can be 
improved more effectively by reducing the effect of ohmic resistance, which can be 
achieved by 
- increasing the electrolyte conductivity, ic, 
The full expression of A is RoapV02 / 2, uD, L' fb' , where p 
is the electrolyte density, Vo is the 
maximum MLB translation speed, ,u is the electrolyte viscosity, 
fn is the fraction of bath cross section 
not occupied by the MLB. 
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- reducing the hole length, L, and increasing the radius, Ro, 
- miniaturing the hole for a given aspect ratio, thus reducing L2/Ro, 
- reducing a, by altering the reaction kinetics with organic additives. 
These recommendations were also ratified by the general model of [Hazlebeck and 
Talbot, 91a] for the case of ohmic-limited plating. Once again, their work 
demonstrates that it is the ratio L2/Ro rather than the commonly anticipated aspect 
ratio, L/Ro, that determines the difficulty of obtaining uniform plating within a hole 
geometry, as discussed earlier. 
While all of the studies mentioned above were limited to the plating uniformity inside 
the hole, i. e. represented by the ratio of copper thickness at the entrance of the hole to 
the thickness at the centre of the hole, [Yung and Romankiw, 89] dealt with the 
additional problem of the ratio of the copper thickness on the surface of the board to 
that at the hole centre, commonly know as the surface-to-hole (S/H) ratio. In their 
model, both the two ratios were determined under the condition of unidirectional 
electrolyte flow and unlimited mass transfer. Through-hole plating was first simulated 
in a specially designed experimental gap cell, which allowed rapid and easy 
measurement of deposit thickness without tedious sectioning, to investigate the effect 
of gap aspect ratio, electrolyte velocity and current density on the thickness 
distribution. The experimental findings were verified with a mathematical model for 
the two-dimensional gap geometry, with good agreement found between actual and 
predicted entrance-to-centre thickness ratio over the range of aspect ratio (2.45 - 19.6) 
studied. Plating became more nonuniform as the current density was increased or the 
gap height was decreased as a result of the shifting from charge transfer control to 
ohmic resistance control of the plating behaviour in both situations. The shifting was 
reflected by the increase in magnitude of the dimensionless parameter j', adopted by 
these authors and originally proposed by [Alkire and Ju, 87] as 
j" 
2nF(%2)Z i 
RTRox [2.32]': 
It is noted that the local, instead of the average, current density is used in the original model of 
[Alkire and Ju, 871. 
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The influence of flow rate was not determinable because the electrolyte velocity in 
their experiments had exceeded the minimum convection requirement of [Kessler and 
Alkire, 76a] and mass transport limitation was not experienced. The applicability of 
the gap model to a hole geometry was then confirmed by a second set of experiments 
using Plexiglas boards with drilled holes. Model prediction of the S/H ratio was found 
to be accurate to within ± 20% , and was considered significant given the wide range 
of hole radius (0.01 - 0.125 cm), board thickness (0.25 - 0.80 cm) and current levels 
(100 - 800 mA) used in their experiments. They discussed also the effectiveness of 
additives in improving the feature-scale plating uniformity by examining the 
dominating mechanisms under different ranges of current densities. 
i/ When the current density was extremely low (j" < 1), the system behaviour was 
solely charge transfer controlled and the center-to-entrance thickness ratio 
depended on the dimensionless parameter ý only, which was defined as 
z 
2nF( 2) io 
[2.33] 
RTR0ic 
Under such condition, plating additives were, in theory, highly effective in 
promoting the plating uniformity by reducing the exchange current density, io, 
which yielded better centre-to-entrance thickness ratio according to their 
calculations. However, such conclusion became trivial if j* was smaller than ý, i. e. 
i< io, where no electrodeposition took place. 
ii/ In the region of medium current density (1 < j* < 15), the electrodeposition was 
jointly controlled by charge transfer and ohmic resistance. An enhancement effect 
due to additives was still observable, although their effectiveness dropped rapidly 
with increasing plating current. 
iii/ In the case of high current density (j* > 15), as pointed out by [Lanzi and Landau, 
88] and [Yung et al., 89] above, the system was dominated by ohmic resistance. 
Plating additives were no longer effective in promoting thickness uniformity, which 
depended on the dimensionless parameter f and hence i alone. 
With the better understanding of the fundamental mechanisms of the through-hole 
plating provided by the previous modelling work discussed above, particularly the 
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dominating effect of the ohmic resistance on the plating uniformity of HAR through- 
holes under practical operating conditions, the behaviour and intricate effect of 
additives in promoting feature-scale uniformity are being unveiled gradually by 
several recent studies. Although most of these studies are purely theoretical analyses 
without experimental verification, they do indicate the current trend of feature scale 
modelling work. Only modelling of additive effects on the acid copper plating of 
through-holes will be discussed below. 
[Lanzi et al., 89] calculated the secondary current distribution within a HAR through- 
hole when the local electrode kinetics was made variable along the hole length by the 
addition of organic additives. Mass transfer resistance was considered negligible as 
the ohmic limitation forced the process to be run well below the mass transfer limit, as 
pointed out by [Lanzi and Landau, 88]. It was found that current distribution inside the 
hole was independent of the exchange current density (io) once it was sufficiently 
small to bring about essentially irreversible kinetics. Therefore, the enhancement 
effect of additives by reducing the magnitude of io, as assumed by [Yung and 
Romankiw, 89], is significant only when io is comparable to the operating current 
density range, which is unlikely under practical plating conditions. On the contrary, 
the cathodic transfer coefficient (a, ) was found to have a profound effect on the 
current distribution, and lower a, gave more uniform deposit. This explains the 
validity of the various forms of the Wagner number, which is determined by the slope 
of the polarization curve and in turn by as§§, as a dimensionless parameter 
characterizing the current and thickness uniformity in systems with and without 
additives. While it is known that certain organic additives, e. g. thiourea, can reduce 
the value of a, and io of a copper system [Turner and Johnson, 62], the calculations of 
[Lanzi et al., 89] illustrated further that apparently minor electrode kinetic variations 
induced by additives could have a prominent effect on the through-hole secondary 
current distribution, even when the bath composition and the average current density 
were fixed. Such effects of additives on the kinetics explain partially the experimental 
error observed by [Kessler and Alkire, 76a, b], which neglected such effects and 
assumed a global Tafel kinetics (Eq. [2.29]) in their model. Improved plating 
11 The slope of the polarization curve in the Tafel regime is given by the expression RT/ a F. 
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uniformity at smaller values of ac and io was also mentioned by [Chem and Cheh, 
96b] in their tubular electrode through-hole model, although they assumed that a, and 
io were not affected by the presence of additives in their theoretical analysis. 
[Hazlebeck and Talbot, 90] evaluated the additive effects when the electrolyte within 
the through-hole was stagnant. An empirical Butler-Volmer kinetic expression [Caban 
and Chapman, 77] was adopted for an additive-free bath while a special kinetic 
function for adsorption kinetics were developed for a bath containing additive based 
on a simple adsorption reaction mechanism. The effect of bulk cupric ion 
concentration, cupric ion diffusivity, through-hole dimensions, applied potential 
difference, and current density on deposition uniformity was correlated by the Thiele 
modulus parameter, (ya)2, defined as 
(322)2 = 
le L2 
[2.34] 
D, cb Ro 
where le is the current density at the entrance of the through-hole. The plating 
uniformity, defined as the ratio of the current density at the centre to that at the 
entrance of the hole, decreased with increasing Thiele modulus parameter for both 
additive-free and additive-containing bath. It follows that lower current density, higher 
cupric ion concentration and diffusivity, smaller diameter through-holes, and lower 
aspect ratio will all improve the plating uniformity. A bath with additives yielded 
more uniform deposit than a bath without additives as long as the value of (ti)2 was 
smaller than four. Interestingly, it was also found that a bath with lower sulphuric acid 
concentration, i. e., conductivity, provided higher uniformity for plating without 
convection, while the opposite was true for plating with convection. It is because in 
the former case the effect of ionic migration, which depends on the relative amount of 
acid and copper sulphate, becomes significant in addition to diffusion. [Newman, 91b] 
shows that the limiting current is increased when the relative amount of acid is lower 
in a stagnant diffusion cell. Although the assumption of stagnant electrolyte is not 
appropriate for industrial through-hole plating processes, their model is applicable to 
the plating of precision through-holes, such as magnetic recording heads and blind 
holes, where plating without convection becomes practical and inducing convection 
becomes difficult. In a later paper, [Hazlebeck and Talbot, 91a] developed a general 
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mathematical model which incorporated all the three transport mechanisms taking 
place in the through-hole, namely, electrical migration, diffusion and convection 
(unidirectional). The potential and concentration distribution inside the hole were 
solved by the method of orthogonal collocation. Uniformity of deposition was 
correlated with the plating variables in the general model and under the limiting cases 
of mass-transfer limited, ohmic-limited and mixed control, using a very different set 
of dimensionless groups. The enhancement effect of additives on the thickness 
uniformity through the reduction of the cathodic transfer coefficient (0z) was 
confirmed again for ohmic-limited plating and the recommendations of [Lanzi and 
Landau, 88] was reiterated. According to their calculations, ohmic-limited plating 
resulted in highest uniformity at any plating rate when two counterelectrodes and 
unidirectional flow was employed. Minimum velocity and agitation required for 
ohmic-limited plating to prevail were determined for aspect-ratio up to 20. 
2.4.4.2 Empirical Modelling of Through-Hole Plating 
Although the multi-parameter nature of the electrodeposition process lends itself to 
modem methods of experimental design, little has been published in the literature on 
this approach to solving problems. Empirical modelling of the through-hole plating 
process with statistically designed experiments were attempted by a few authors. 
[Barringer and Carano, 86] used the 23 full factorial design to study the effects of bath 
temperature, levelling agent and the acid/copper ratio on the levelling power using 
visual and microsection rating as the responses. The full factorial, which was a cubic 
design, was wrongly recognized as the Box-Behnken spherical design [Box and 
Behnken, 60] by these authors and [Dini, 89], probably because of the inclusion of an 
additional centre point in their full factorial which did not enter into subsequent 
calculations. Levelling was found to be enhanced by lower bath temperature but not 
significantly affected by the acid/copper ratio and levelling agent. Their conclusions, 
which contradict previous theoretical predictions of temperature effect (Eqs. 2.27 - 
2.33) and the findings of [Newman, 91b] discussed above, are doubtful in the light of 
the limited elaboration given in their paper. The effect of concentration of copper, 
formaldehyde, caustic soda, temperature and deposition time on the electroless 
deposition rate and coverage were studied by [Haluzan and Reichenbach, 91] with a 
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Taguchi L18 orthogonal array. [Forrest and Reed, 93] investigated the effects of the 
same set of parameters on the S/H ratio of electroplated copper in HAR through-holes 
using a replicated D-optimal design of 32 runs. They found that brightener 
concentration had the biggest impact on S/H ratio in comparison with the other two, 
and the best ratio was obtained when the brightener was at the middle of the 
experimental range. As their experiments were performed at low current densities, 
their results agreed with the analysis of [Yung and Romankiw, 89], which stated that 
additive effect was significant only in the low and medium current density regimes. 
However, the exact values of the current densities and the statistical analysis were not 
shown clearly. [Bokisa and McFarland, 93] employed a general factorial design to 
study the influence of aspect ratio, current density and copper sulphate concentration 
upon the S/H ratio of plated-through holes. Three levels of aspect ratio (3: 1 to 10: 1), 
six levels of sulphate concentration (15 - 90 g/L) and eight levels of current density (5 
- 35 asf) were studied in 150"' runs of experiments. 22 main and interaction effects 
were identified as significant and a 23-term polynomial was obtained by multiple 
linear regression to predict the S/H ratio with a correlation coefficient greater than 
0.99. Experimental verification of the prediction polynomial, however, was not done 
in their investigation. 
Apart from the studies of levelling power and S/H ratio, statistically designed 
experiments were also used to establish coupon-to-board correlation [Harry, 89] and 
identify the primary failure mechanism of electrical opens during the tin plating of 
HAR through holes [Huffman and Witkowski, 1991]. 
2.5 Statistical Modelling of Acid Copper Plating Process 
Acid copper plating is commonly employed in the manufacture of through hole 
printed circuit boards (PCB) during the pattern or panel plating process. A uniform 
plating thickness across the entire board is highly desirable as thin copper plating may 
result in over-etching or even open-trace problem during etching while over-plating 
see A few extra experiments were done at low current densities in smaller increments, adding up to a 
total of 50 runs for each aspect ratio. 
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may end up with under-sized or plugged holes, causing difficulties for subsequent 
components insertion or assembly. Inherent variation of plating thickness exists 
because of the non-uniform current distribution over the board surface. 
Previous research based on fundamental electrochemical principals have successfully 
modelled the effect of the process parameters on the current distribution under well 
defined assumptions and polarization characteristic. However, the exact current- 
potential relationship, which is highly sensitive to the bath composition as well as the 
agitation mechanism, is not usually obtainable for a bath employing air and 
mechanical agitation simultaneously. More importantly, the actual deposit thickness 
follows the current distribution only when the current efficiency is 100% over the 
entire surface, which is difficult to achieve in an industrial environment where energy 
is lost in hydrogen and heat dissipation. However, this multivariable process is a good 
candidate to be investigated with statistical experimentation. Structured experimental 
investigation in the acid copper plating for PCB fabrication is as yet far from 
complete, especially in the pattern level variations. This is clearly reflected in the 
review of the current literature. Although some of the designs employed by previous 
researchers, especially those based on Taguchi method, are highly saturated designs 
with complex alias structures and low resolutions, their inefficiency being largely 
offset by the powerfulness of factorial designs. Generally, those works represent 
successful applications of simple designed experiments to obtain obvious directions of 
process improvement, usually in the form of a set of recommended factor settings. 
Empirical modelling and optimization of the process, however, can rarely be achieved 
and verified in a single set of experimental trials. Depending on the complexity of the 
process under investigation, different experimental techniques are needed to achieve 
specific purposes during the step-by-step modelling process. This thesis presents how 
planned matrix experiments, namely fractional factorials and central composite 
designs, are conducted sequentially to model empirically the main effects as well as 
possible interactions of major process parameters on the average plating thickness and 
its variations, and obtain the optimal combination of these factors to minimize the 
plating thickness variability within the allowable process windows. 
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2.6 Summary 
The previous sections of this chapter present a review of the topics relevant to the 
work of this thesis. The review shows that previous researchers have been 
concentrating on the modelling of the deposite thickness itself and little work has been 
done in the modelling and control of the variability, particularly at the workpiece and 
pattern level. The rest of this thesis reports the experimental works and analysis 
performed in these areas. 
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CHAPTER 3 
EXPERIMENTAL SETUP AND PROCEDURES 
3.1 Introduction 
This chapter describes the apparatus, equipment and materials used in the pattern, 
PTH and BV plating experiments. Detailed procedures of the electroless and acid 
copper plating, and the measurement of deposit thickness are also presented. 
3.2 Equipment and Apparatus 
Major equipment used in the experiments included the 200-litre plating bath for the 
acid copper plating of uniform pattern (Fig. 3.1), the purpose-built testing cell for the 
plating of non-uniform pattern, PTH and BV (Fig. 3.2), the Seiko SFT 7155 XRF X- 
ray coating thickness gauge (Fig. 3.3) and the Talysurf profilometer (Fig. 3.4) for the 
measurement of plating thickness. Two rectangular testing cells were assembled with 
PVC plates and have internal dimensions* of 35.6 x 6.4 x 15.2 cm and 55.9 
x 6.4 x 15.2 cm, respectively. The second (longer) cell was needed as the electrode 
separations required in some of the experiments (Sec. 5.2.2,5.4.2) were larger than 
the length of the first cell. Performing the experiments in the cells has the following 
advantages : 
i/ the guide bar with equally spaced (1.3 cm) slots enabled easy and accurate 
positioning of the PCB for different values of electrode separation 
ii/ it allowed a fresh set of plating solutions to be prepared for each set of experiments, 
and hence better control of bath composition, this is particularly important for 
electroless plating because of the instability of the plating solution 
A detailed list of all the equipment and apparatus employed in this research is given in 
Appendix 3.1. 
The dimensions are given in the format of length x breadth x height. 
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Fig. 3.1 : The 200 Litre Plating Bath 
Fig. 3.2 : The Purpose-built Rectangular Testing Cell 
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Fig. 3.3 : Sekio SFT 7155 XRF X-ray Coating Thickness Guage 
PCB with 
Patterns 
Fig. 3.4 : The Purpose-built Rectangular Testing Cell 
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3.3 Acid Copper Pattern Plating 
3.3.1 Material and Solution 
i/ single-sided bare board : copper claded (30 µm) epoxy-glass base (FR4) 
ii/ dry film resist : Hitachi H-F 240 negative-working photo film resist 
iii/ pattern film developer : Kodak Ultratec developer (1: 7 - 10) and fixer (1: 5) 
iv/ Pre-treatment solution : 
Chemical Solution Content 
Cleaner Ronaclean LP200 or H-81 50 ml/L, Sulphuric acid 50 ml/L, LP200 Concentrate or D I. water to 1 litre Cuprolite H-81 . 
Microetch 1207 1207 (20%), H202 (10%), D. 1. water (70%) 
Sulphuric acid 5- 10% by volume 
v/ Acid Copper Plating Solution : copper sulphate (CuSO4), sulphuric acid (H2SO4), 
LeaRonal Copper Gleam PCM Plus (proprietary additive, 5 mL/L 9mL), chloride 
(Cl', 70 ppm 0.3mL), the concentrations of the sulphate and acid are changed 
according to the design matrix of the corresponding experiments (Table 4.2,4.5, 
5.2,5.5,5.9,5.13,5.17,5.20). 
3.3.2 Pattern Plating Process 
The pattern plating process is summarized as Fig. 3.5 and each step is briefly 
explained as follows. 
i/ Pattern film generation :a part program was developed for each of the pattern used 
in the experiment (Fig. 4.1,4.4,4.18,4.30) in the Gerber format and pattern films 
were generated by the photo-plotter using the Gerber file, which were then 
developed by the developer solutions, rinsed and air-dried. 
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Fig. 3.5 : Flow Chart of the Acid Copper Pattern Plating Process 
ii/ Board cutting : the bare boards were cut to suitable sizes by the shearing machine 
manually. The clearance between the top and bottom blade was set to 0.001" - 
0.002" to avoid cracking or deformation of the laminate. 
iii/ Prelamination cleaning : the boards were deburred and cleaned by the deburring 
machine to obtain clean and flat surfaces. They were then dried and preheated in 
the oven (80°C, 10 minutes) to facilitate the subsequent lamination. 
iv/ Image transfer : the dry film image transfer process was performed in three steps : 
a/ laminating - dry film resists were laminated by the laminating machine using the 
hot roll lamination technique, the resist was first heated up to 100 to 120 °C and 
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the softened resist was then rolled by pressure into the microstructure of the 
copper surface. 
b/ exposure - the circuit pattern (prepared in i/ above) was `printed' onto the board 
by the exposure machine using UV light, with an exposure time of 16 - 18 
seconds. 
c/ developing - the unexposed resist (pattern) areas were removed by the 
developing solutions in the developing machine to provide the electroactive 
area for copper plating. 
v/ Weight measurement : the weight of the bare boards were measured by the 
analytical balance (small board) or triple-beam balance (large board) before the 
copper plating so that the current efficiency could be determined afterward. 
vi/ Acid copper electroplating : 
a/ the boards were processed in the pretreatment solutions before the actual plating 
in the following sequence - 
Solution Duration Purpose 
degreasing, removal of oxide scale, 
LP200 or H-81 5 mins. general dirt and chemical residuals left 
from previous processes 
Water Rinsing 2 mins. general cleaning and avoid carryover of chemicals left from previous process 
Microetch 1207 3-5 mins. activate the copper surface with per- 
oxide etching chemical 
Water Rinsing 2 mins. general cleaning and avoid carryover of chemicals left from previous process 
Dilute H2SO4 1-2 mins. 
the acid dipping removes oxide film and 
residual alkali over the board surface 
b/ the anode and cathode were connected to the current source and the plating bath 
was agitated by the air pumpt 
c/ the required current level was applied to the cathode (board) and monitored 
regularly with the digital clamp meter and kept constant throughout the entire 
The air pump was used only in the purpose-built plating cell, the 200 litre plating bath has a built-in 
air agitation system. 
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plating duration. Fig. 3.2 illustrated the plating of board in the purpose-built cell 
and Fig. A3.12 (Appendix 3.1) shows the board being plated in the 200 litre 
plating bath 
d/ the boards were dried in the oven, air-cooled and weighted before the deposit 
thickness was measured. 
3.4 Plated-Through Hole and Blind Via Plating 
Copper Plating of through-holes and vias is similar to that of pattern plating, except 
that the hole and via is first metallized with a thin film of electroless copper 
(; -- 0.5 µm) before they can be plated in the acid copper bath. 
3.4.1 Solution and Material 
Apart from items iv/ and v/ of Sec. 3.3.1 above, additional materials required are : 
i/ double-sided bare board : copper claded (30 µm) epoxy-glass base (FR4) 
ii/ electroless copper plating solutions : 
Chemical Solution Content 
Cuprolite X-84 5 ml/litre, D. I. water to 1 litre Hyperconcentrate 
Microincide 1207 1207 20%, H202 (130 volume 35%) 10%, D. I. water 70% 
Uniphase MLX (A) MLX A salt 200 g/litre, RG(HCI) 20 ml/litre 37%, D. I. 
water to 1 litre 
Uniphase MLX (A+B) MLX A salt 200 g/litre, RG(HCI) 20 ml/litre 37%, , MLX B 50 ml/litre, D. I. water to 1 litre 
Drag-stop 79 drag-stop 70 10%, D. I. water 90% 
Cuproflex 1204 A 4%, B 3%, F 10%, NaOH 3%, D. 1. water 80% 
In the last (Cuproflex) solution, A, B and F are proprietary components and the exact 
compositions are not released by the manufacturer. A contains copper sulphate and 
formaldehyde (HCHO), B is sodium hydroxide and F is an chelating agent. 
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3.4.2 Electroless Copper Plating 
The Excellon EX-110 CNC drilling machine (Fig. A3.14, Appendix 3.1) was used to 
drill the through-holes and vias using part programs (GM codes) developed with a text 
editor. After drilling the holes/vial and deburring, the electroless copper plating was 
done in a 2-litre beaker in the following sequence : 
Purpose Sub-process Chemical Duration (mins. ) 
Surface Conditioner Cuprolite X-84 5 
and water rinsing 2 
Hole Microetch Microincide 1207 5 
Preparation water rinsing 2 
Pre-catalyst Uniphase MLX (A) 1 
Hole dripping -- 
Catalization Catalyst (activator) Uniphase MLX (A+B) 5 
water rinsing 2 
Flash Accelerator Drag-stop 79 4 
Electroless water rinsing 1 
Deposition Electroless copper Cuproflex 1204 20 
water rinsing 2 
i/ Conditioner : an alkaline cleaning step to remove soils (general dirt, oil, oxide scale, 
chemical residuals) from the copper foil and holes, it ensures the complete coverage 
of glass fibres and the full adhesion of the electroless copper to the holes' wall, 
increase the wettability for microetching and facilitate the layer adsorption of 
activator by providing a surface of uniform polarity. 
ii/ Microetch : this slow acid etching is used for removal of copper surface pre- 
treatments, oxidation and presentation of uniformly active copper surface to 
maximize the adherence of the subsequent deposit, it increases the surface area of 
the copper foil and provides anchoring sites for the activator and electroless 
copper. 
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iii/ Pre-catalyst (predip) : the boards are immersed into a solution (MLX A) containing 
ions common to those of the activator so that they are residual with an ion and 
have a pH common to the catalyst. The boards are then brought directly to the 
activating bath without an intervening water rinse to avoid surface oxidation. 
iv/ Catalyst (activation) : the activating species is held mechanically to both the 
surface of the copper foil and the epoxy glass, and forms a layer of material 
between the substrate and the subsequent electroless copper. The catalyst is an 
acid solution containing palladium held in a reduced state by tin ions. 
v/ Accelerator (post-activation) : the accelerator removes part of the colloidal tin on 
board surfaces and holes, and render the activating species deposited in the 
activation step as active as possible before the board are immersed into the 
electroless copper bath. 
vi/ Electroless copper : the alkaline chelated copper reducing solution is used to 
deposit thin copper in the holes and surfaces of the boards. The reaction is 
autocatalytic in the presence of an activated surface and proper (air) agitation. Fig. 
A3.13(a) and (b) (Appendix 3.1) show respectively the six electroless copper 
solutions and the agitated electroless copper bath. 
Upon completion of the electroless deposition, the boards were immersed into a dilute 
(1.5%) sulphuric acid to prevent the freshly produced copper from being oxidised in 
the air until the acid copper plating was started. 
3.4.3 Acid Copper Plating 
As the boards were stored in a dilute acid solution, they were water rinsed, oven dried 
(80 °C, 10 mins. ), air cooled to room temperature and weighted before they were 
plated in the acid copper solution. The acid copper plating procedures are described in 
Sec. 3.3.2 vi/. and all the plating was performed in the purpose-built testing cell (Fig. 
3.2). 
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3.5 Measurement of Plating Thickness with X-Ray Thickness Gauge/Microscope 
For the screening experiment of the uniform pattern plating experiment (Sec. 4.5.1), 
the deposit thickness was measured under the microscope after microsectioning. For 
the rest of the uniform pattern plating experiments, the thickness was measured 
directly by the X-ray thickness gauge after the plating process and no special treatment 
was needed. For all the PTHBV experiments, the deposit thickness was measured 
directly by the X-ray thickness gauge after the PTHs/BVs were cut into upper and 
lower halves with the shearing machine. Fig. A3.16(a) (Appendix 3.1) shows a board 
with sectioned PTHs being supported at both ends by two rounded leaf spring before 
the PTHs are measured by the X-ray thickness gauge, Fig. A3.16(b) (Appendix 3.1) 
shows the measurement of a plated-through hole being monitored from the screen of 
the thickness gauge. 
3.5.1 Materials 
i/ rounded leaf springs 
ii/ moulding compound (epoxy 15 ml. : hardener 6 drops : catalyst 6 drops) 
iii/ abrasive papers of various grit number 
iv/ diamond paste 
3.5.2 Microsectioning Procedure 
i/ the boards were cut by the shearing machine into suitable size (3 cm x 0.5 cm 
approx. ), with the cutting line perpendicular to the line pattern being measured, 
ii/ four to five specimens were clamped together at both ends by rounded leaf springs 
and put into a rectangular cavity of a mould base 
iii/ moulding material was poured into the mould cavity and the air bubbles were 
removed by vacuum, after which the mould was cured for 24 hours 
iv/ the moulded specimens were coarse ground by the polishing machine using 
abrasive paper of grit number 180,220,320,500 and 1000 sequentially, they were 
then fine ground with the diamond paste 
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v/ the specimens were etched in dilute acid and measured under the microscope with 
40X magnification. 
3.6 Measurement of Plating Thickness with Talysurf Roughness Measuring 
Machine 
Deposit thickness was measured by profilometry using the Talysurf roughness 
measuring machine (Fig. 3.4) in all the non-uniform pattern plating experiments. The 
dry film over the board was first removed by dipping in a dilute (5%) sodium 
hydroxide solution and the stylus of the profilometer was moved across each 
measurement point to obtain a cross-sectional profile of the line pattern. The length of 
the transverse motion of the stylus was 3- 10 mm, depending on the width of the line 
being measured. Each set of geometric data, consisting of about 1400 pairs of X-Y 
coordinates, was dumped into a personal computer through a standard RS232 linkage 
in the ASCII format. A macro program was written in the Microsoft EXCEL to obtain 
the geometric profile of each measurement point, an example is shown in Fig. A3.18 
(Appendix 3.1) . The actual deposit thickness was calculated as the different between 
the average height of the points between the two critical points and that of the base 
copper. 
3.7 Summary 
The experimental setup and procedures were briefly described in the previous sections 
of this chapter. The apparatus, materials and ingredients of the chemicals employed in 
the experiments are given. Although the experiments were carried out in a laboratory 
scale, the setup and procedures were typical of an industrial printed circuit board 
manufacturing process. 
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CHAPTER 4 
EXPERIMENTAL DESIGN AND ANALYSIS : 
PATTERN PLATING 
4.1 Introduction 
The acid copper pattern plating process is usually employed after the electroless 
copper process of bare PCB fabrication to 
i/ form the required circuit pattern over the base copper foil, 
ii/ enable sufficient copper buildup over the circuit pattern, especially the plated- 
through hole (PTH) wall, to meet the minimum required thickness of 0.001" [IPC- 
A-600E, 95], and 
iii/ facilitate copper buildup along the junction of the PTH wall and the base copper 
foil (and inner layers, if any). 
This chapter presents how statistically designed experiments were used to determine 
the main effects as well as the possible interactions of several major process 
parameters on the average plating thickness and its variations. It also describes how 
the levels of these factors can be manipulated to give minimum plating thickness 
variability within the operability region using simple response surfaces. Planned 
experiments were performed on the acid copper plating process under the two major 
categories of 
i/ substrate with uniform lithographic patterns over the entire surface, and 
ii/ substrate with non-uniform active area densities in different regions of the surface. 
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4.2 Quality Characteristic 
The quality characteristic of interest is the thickness of the copper plating. It is known 
that the weight of deposited copper is governed by the Faraday's Law [Canning, 82]. 
Thus, if the metal is deposited uniformly over the entire surface and the cathode 
efficiency is 100%, the plating thickness can be determined by the equation : 
I"t"A 
T= [4.1] 
F"n"a"p 
where T is the thickness of copper deposit (cm), I is the current passed (A), t is the 
plating duration (second), A is the atomic weight of copper (g), F is the Faraday's 
constant (coulomb/g eq. ), n is the valency of copper, a is the area of circuit pattern 
(cm) and p is the density of copper, g/cm3. 
However, unless the cathode is a simple flat surface, it is not possible in practice to 
produce an electrodeposit of uniform thickness over the whole cathode surface and T 
gives only the average or nominal thickness of copper. The actual metal distribution 
over the PCB (cathode) surface is determined by the local current density at each point 
as well as the cathodic efficiency of the bath at that current density. It is therefore 
jointly influenced by the cathodic current efficiency-density relationship, the electrode 
polarization and the current distribution over the surface. In most practical cases, the 
primary current distribution is the controlling factor in determining the workpiece and 
pattern scale distribution, although it is the secondary current distribution that actually 
does the work of depositing copper over the cathodic surface. Areas receiving higher 
current densities, such as board edges or isolated patterns and through holes, tend to 
be over-plated while the reverse is true for those recesses, for example, PTH wall, 
with lower current densities. Inherent thickness variations thus exist and the local 
metal distribution approximates the secondary distribution. However, the latter is not 
usually known and therefore the former cannot be predicted explicitly [Pinkerton, 84]. 
Previous review (Sec. 2.3.2) shows that secondary current distribution, and hence the 
thickness variation, is affected by a complicated set of interacting process and product 
variables and statistically designed experiments are employed here to study and 
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identify their empirical relationship. Finally, it is noted that thickness uniformity is not 
the only desirable characteristic in electroplating and other properties such as 
percentage elongation and tensile strength are also important [Coombs, 88]. Since the 
copper bath used in this study contained commercially available additives and the 
experimental ranges of all the process parameters fall within normal operability 
regions, the metallurgical properties of the copper deposits were assumed to meet the 
industrial standards. 
4.3 Process Parameters 
While the plating thickness depends obviously on the amount of electricity passed, 
secondary current distribution is determined by the cathode polarization and the 
conductivity of the plating bath. Thus, process parameters that might have effects on 
the quality characteristic concerned include : 
" average cathodic current density - as the local current density differs from point to 
point, the applied current denotes only the average current density over the 
cathodic surface, it affects directly the plating rate and the thickness variability, 
" plating duration - together with the average current density, they determine 
directly the rate of the local Faradic reaction and hence the nominal plating 
thickness, but its effect on the thickness variation is not known, 
" concentration of brightener - it alters the polarization behaviour of the system and 
hence the secondary distribution and thickness variability, 
" concentration of sulphuric acid - bath acidity has a positive effect on the 
conductivity of the electrolyte and thus affects the secondary distribution, 
" electrode separation - it affects the geometry of the system and the primary 
distribution over the cathodic surface. 
These factors are also the control factors of the process as their levels can be specified 
freely by the process designer to attain the desired level of output. On the other hand, 
there are certain other product-dependent factors that affect the plating thickness, 
which include the 
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" width of the circuit pattern - it is generally observed that thinner lines tend to grow 
thicker deposits because of the "current crowding" effect [Horkans and 
Romankiw, 77], a difference in pattern width is thought to be a source of deposit 
variability, 
" ratio of the active area densities among different regions on the cathode. 
These are also the noise factors of the process as their levels are usually outside the 
control of the process designer, e. g. the PCB may contain circuit patterns with 
different active area density and conductor width. Also, in the context of statistical 
experiments, we distinguish between two different types of parameter effect : 
i/ location effect - refers to the influence on the average value of the quality 
characteristic, which is the average plating thickness in this process, 
ii/ dispersion effect - refers to the influence on the variability of the quality 
characteristic, i. e. the plating thickness variations over the board surface. 
Factors with a strong location effect can be used to control the average thickness while 
the process variability can be minimized, within the experimental region, by selecting 
appropriate levels of factors with a strong dispersion effect. 
4.4. The Matrix Experiments 
The objectives of the experiments are two-fold : 
i/ to determine the location and dispersion effects of the process parameters identified 
above and their relative significance, and 
ii/ to identify the appropriate settings of significant parameters to minimize the plating 
thickness variations over the entire workpiece. 
Factorial and response surface designs were employed in the experiments. First 
developed by Fisher and Yates in the 1920's, factorial designs are one of the major 
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contributions of statistical insight into experimental design. As [Steinberg and Hunter, 
84] pointed out, such designs offer many advantages : 
" each experimental run gives information on several factors instead of one-factor- 
at-a-time, 
" the experiment yields as much information about each factor as though it alone 
had been varied, because of the balanced structure of the experiment matrix, and 
" valuable additional information is available through the ability to check for 
possible interactions among the factors, which cannot be determined by 
conventional one-factor-at-a-time experimental design. 
For example, a 24 full factorial of sixteen runs can be used to investigate all the four 
main effects of four two-level factors and their eleven possible interactions. Fractional 
factorial designs were first introduced by [Finney, 45], which allow experimenters to 
study the main effects and low-order (e. g. two-factors) interactions of several factors 
in far fewer runs than required to complete the full factorial designs. For example, a 
one-quarter fraction of a 26 full factorial, designated 26"2, allows study of six factors in 
sixteen runs. Thus, when the high-order interactions are negligible, as is often the case 
in industrial processes, fractional designs offer great economy of time and resources. 
They are usually used to screen out those few important factors out of a large number 
of potential factors. Normal probability plot is usually used to assess the statistical 
significance of the effects. In this method, the parameter effects are calculated from 
the responses and plotted onto a normal probability paper. The effects that are 
negligible are normally distributed and will tend to fall along a straight line on the 
plot, whereas significant effects tend to be far away from the line and identifiable as 
outliners. 
Once the important parameters are identified, the next step is to determine if the 
current settings of the important parameters result in a value of the response that is 
near the optimum. The first-order model and the method of steepest ascent (or 
descent) are frequently used to determine the path that will move the process toward 
the optimum. After the approximate region of optimum is identified, a higher order 
model, such as a second or higher order polynomial, is then built to accurately 
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approximate the true response function within a relatively small region around the 
optimum. Response surface designs such as the Box-Behnken spherical design [Box 
and Behnken, 60] and the central composite design [Box and Wilson, 51], [Box and 
Hunter, 57] are employed in this stage for the model building. Once an appropriate 
approximating model has been obtained, it can be analysed to determine the optimum 
conditions for the process. 
4.5 Experimental Study of Copper Plating of Uniform Patterns 
Statistical experiments were carried out sequentially in four stages. Firstly, a highly 
fractionated factorial was used to screen out those significant factors from the six 
parameters studied in a small number of runs. A full factorial was then employed to 
determine all the main factors' effects and their interactions. Making use of the 
insignificant parameters found in the full factorial, the design was projected into a 
smaller factorial and re-analyzed to establish the most effective path for further 
experimentation. After locating the approximate optimum region along the path, a 
nine-run central composite design was then employed to obtain the second-degree 
model of the response surface within that region. Optimal combination of the 
parameters yielding minimum variation was then determined from the model. The 
adequacy of the second-order model in predicting the workpiece level variation was 
finally verified with a set of sixteen experiments. With the exception of the first stage, 
which was performed with a Hull cell setup, all the experiments were done in the 200 
litre plating bath. 
4.5.1 Hull Cell Experiments : Factor Screening 
A single replicate of a 21v6-2 fractional factorial was employed to screen out those 
important factors from six of the parameters identified above, making the reasonable 
assumption that certain high-order (e. g. three-factors) interactions are negligible. The 
active area density of the lithographic patterns was not varied in this set of experiment 
and an uniform pattern was used. Each of the factors was set at two levels : low (-) 
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and high (+) in such a way that they covered the usual operating ranges of normal 
production, as summarized as Table 4.1 below. 
Factors Levels 
Low (-) High (+) 
A. Brightener (mil/litre) 2 10 
B. Electrode Separation (cm) 8.9 11.2 
C. Pattern Width (cm) 0.02 0.05 
D. Average Current Density (mA/cm2) 26.9 37.7 
E. Sulphuric Acid (g/litre) 160 200 
F. Plating Duration (min) 40 60 
Table 4.1 - Factor Levels of the Screening Experiment 
The experimental matrix was constructed using a 24 full factorial for the first four 
columns and the defining relation I=ABCE=BCDF for the last three columns. The 
design is a resolution IV design in which no main effect is aliased with any other main 
effect or with any two-factors interaction. Detailed alias structures are given in 
Appendix 4.1. The run orders were randomized and all the experiments were 
conducted with a Hull cell setup. A 4" x 2.75" single-side board was used and the test 
pattern is shown as Fig. 4.1. The actual plating thickness was measured by a 
microscope (40X magnification) after microsectioning. The average and the standard 
deviation of thickness of eight points corresponding to each factor combination were 
taken as the responses. Table 4.2 summarizes the detailed settings of the sixteen runs 
and the responses, all raw data are given in Appendix 4.2. 
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Fig. 4.1 : Test Pattern of the Screening Experiment (Not to Scale) 
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Run 
Order 
Factors 
ABCDEF 
Average 
Thickness 
(Um) 
Standard 
Deviation 
(arm) 
11 - - - - - - 44.0 3.3 
10 + - - - + - 40.0 4.6 
16 - + - - + + 33.4 2.8 
1 + + - - - + 36.8 4.0 
14 - - + - + + 59.1 7.0 
9 + - + - - + 49.9 4.4 
15 - + + - - - 32.5 3.3 
2 + + + - + - 33.1 4.9 
4 - - - + - + 92.8 7.9 
8 + - - + + + 101.3 7.9 
13 - + - + + - 35.1 4.4 
7 + + - + - - 31.6 4.1 
6 - - + + + - 72.1 4.8 
3 + - + + - - 63.1 10.2 
12 - + + + - + 62.9 4.2 
5 + + + + + + 61.6 7.3 
Table 4.2 - Design Matrix and Responses of the Screening Experiment 
All the effect calculations and mathematical analyses were done using JMP Release 
3.2 while the normal probability and response surface plots were constructed by 
STATISTICA Release 5.0 and MATLAB Release 4.2. Fig. 4.2(a) and (b) shows 
respectively the normal probability plot of parameters' effects on the mean plating 
thickness and the standard deviation. For the mean responses, the outliners found are 
the factors B, D, F, and the two-factors interactions AE and BD, which are also the 
important location factors affecting the average plating thickness. Subsequent analysis 
of variance (ANOVA) confirms that they are all significant at the 0.1% level. For the 
dispersion effect, Fig. 4.2(b) shows that only the electrode separation (B) and average 
current density (D) are active in affecting the workpiece level variation. Subsequent 
ANOVA confirms that they are significant at the 4% and 2% level, respectively. 
ANOVA tests of the screening experiment are summarized as Table 4.3(a) and (b) 
below. The normal probability plot of the residuals, given in Fig. 4.3(a) and (b) shows 
that they are normally distributed for both the mean and standard deviation responses. 
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Fig. 4.2 : Normal Probability Plots of the Screening Experiment 
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Fig. 4.3 : Normal Probability Plots of the Residuals of Screening Experiment 
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Source of 
Variation SS DF 
MS F Prob. >F 
Model 6893.5 5 1378.7 71.4 < 0.0001 
B 2382.6 1 2382.6 123.5 < 0.0001 
D 2298.0 1 2298.0 119.1 < 0.0001 
F 1332.3 1 1332.3 69.0 < 0.0001 
BD 407.5 1 407.5 21.1 0.0099 
AE 473.1 1 473.1 24.5 0.0006 
Residual 192.9 10 19.3 
Total 70.864 15 1 :J 
Table 4.3(a) : ANOVA Table of the Screening Experiment (Mean Responses) 
Source of 
Variation SS DF 
MS F Prob. >F 
Model 31.19 2 15.60 5.93 0.0148 
B 14.18 1 14.18 5.39 0.0371 
D 17.01 1 17.01 6.47 0.0245 
Residual 34.13 13 2.63 
Lack of Fit 2.62 1 2.62 1.00 0.3371 
Pure Error 31.51 12 2.63 
Total 65.32 15 
Table 4.3(b) : ANOVA Table of the Screening Experiment (SD Responses) 
In short, five significant location factors, namely, 
" electrode separation (B), 
" average current density (D), 
" plating duration (F), 
" brightener x sulphuric acid interaction (AE), and the 
" electrode separation x average current density interaction (BD) 
and two significant dispersion factors (B & D) were screened out to be important 
during the first stage of experimentation and their effects were therefore further 
investigated. 
4.5.2 Plating Bath Experiment: Locating Neighbourhood of Optimum Region 
In this stage, the effects of the important factors identified above were experimented 
in the 200-litre plating bath. The objectives were : 
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i/ to validate the significance of the location and dispersion effects found in the small 
scale screening run in the large scale plating bath, and 
ii/ to search for the approximate location of the optimum combinations, if any, of the 
process parameters within the operability region which yields minimum thickness 
variability. 
A replicated full 24 factorial was used and the factor levels are summarized as Table 
4.4 below. As the two different pattern widths were incorporated into a single test 
board, only 16 experiments were actually required in this round of investigation. 
Factors Levels 
Low (-) High (+) 
A. Pattern Width (cm) 0.02 0.05 
B. Plating Duration (min. ) 40 60 
C. Average Current Density (mA/cm2) 26.9 37.7 
D. Electrode Separation (cm) 12.7 27.9 
Table 4.4 : Factor Levels of the Second Experiment 
Since our primary concern was the reduction of thickness variation, the concentration 
of the sulphuric acid and brightener, which have significant location effect only, was 
not varied in this stage. Given that sulphuric acid has a positive effect on the 
electrolyte conductivity and thickness uniformity, it was set at a high level of 200 
g/litre for all runs. Concentration of brightener, copper sulphate and chloride was set 
at 8 mil/litre, 70 g/litre and 100 mg/litre, respectively. Although the width of pattern 
was found to be inactive during the screening run, which is counter-intuitive, it was 
studied again in this round as its location effect might have been masked by the other 
three strong location factors. Moreover, as explained in the last paragraph, inclusion 
of this parameter did not increase the total number of experiments. The experimental 
matrix and the responses are summarized as Table 4.5. Raw data is given in Appendix 
4.3. A3x3 array of similar square patterns was printed onto a 17.8 cm x 17.8 cm 
board and used as the test board in this round of experiments. The average and 
standard deviation of the deposit thickness of twenty-four points over the board 
surface was taken as the response for each run using the X-ray thickness gauge. The 
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lithographic pattern used and the measuring points are given in Fig. 4.4. It can be seen 
that each pattern is formed by three pairs of squares of alternating line width (0.02 cm 
and 0.05 cm) and the 9 patterns are separated by an array of 0.48 cm lines, giving a 
total electroactive area of 124.39 cm2 and an average active area density of 0.393. The 
outside border is treated as an auxiliary electrode. A total of 30 locations were actually 
measured but the three highest and lowest reading were ignored in the calculation of 
responses to reduce bias due to extreme data. 
Run 
Order Factors 
ABCD 
Mean 
Thickness 
(pm) 
Mean 
SD 
(Pm) 
3,23 - - - - 41.488 6.263 
6,31 + - - - 41.191 6.385 
16,18 - + - - 55.059 6.210 
9,27 + + - - 52.125 6.228 
11,19 - - + - 54.005 6.824 
5,28 + - + - 51.090 6.803 
7,32 - + + - 95.748 6.017 
8,26 + + + - 91.083 6.217 
13,24 - - - + 35.360 5.986 
14,21 + - - + 35.712 5.646 
10,29 - + - + 41.886 5.778 
1,30 + + - + 40.132 5.916 
2,20 - - + + 46.420 4.328 
15,17 + - + + 43.114 4.573 
4,22 - + + + 54.238 4.191 
12,25 + + + + 56.105 4.148 
Table 4.5 : Design Matrix and Responses of the Plating Bath Experiment 
Significant parameters affecting the average plating thickness identified were 
" plating duration (B), 
" average current density (C), 
" electrode separation (D), 
" plating duration x average current density interaction (BC), 
" plating durationx electrode separation interaction (BD), 
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Fig. 4.4 : Lithographic Pattern of the Plating Bath Experiment and the Measuring 
Points for the Determination of Standard Deviation (Not to Scale) 
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" average current density x electrode separation interaction (CD) and the 
" plating duration x average current density x electrode separation interaction 
(BCD) 
while parameter C, D and the CD interaction were significant dispersion factors. Their 
effects were substantiated by the Normal probability plots of Fig. 4.5 (a), (b) and the 
ANOVA tests of Table 4.6 (a), (b) below. Table 4.6(a) shows also that, compared with 
the other highly significant location factors, the effect of pattern width (A) on the 
mean response is only marginally detectable. This probably explains why it was 
hidden in the screening runs. The normal probability plot of the residuals reflects no 
abnormality of concern and is given in Appendix 4.4. 
Source of 
Variation 
SS DF MS F Prob. >F 
Model 9166.2 8 1145.8 318.3 < 0.0001 
A 23.3 1 23.3 6.5 0.0179 
B 2380.4 1 2380.4 661.2 < 0.0001 
C 2769.5 1 2769.5 769.3 < 0.0001 
D 2074.4 1 2074.4 576.2 < 0.0001 
BC 562.7 1 562.7 156.3 < 0.0001 
BD 693.5 1 693.5 192.6 < 0.0001 
CD 381.9 1 381.9 106.1 < 0.0001 
BCD 280.5 1 280.5 77.9 < 0.0001 
Residual 83.9 23 3.6 
Lack of Fit 33.3 7 4.8 1.5 0.2366 
Pure Error 50.6 16 3.2 
Total 9250.1 31 
Table 4.6(a) : ANOVA Table of the Plating Bath Experiment (Mean Responses) 
Source of 
Variation 
SS DF MS F Prob. >F 
Model 22.88 3 7.63 6.94 0.0012 
C 3.53 1 3.53 3.21 0.0840 
D 13.47 1 13.47 12.25 0.0016 
CD 5.88 1 5.88 5.35 0.0283 
Residual 30.68 28 1.10 
Total 53.56 31 
Table 4.6(b) : ANOVA Table of the Plating Bath Experiment (SD Responses) 
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4.5.2.1 Analysis of the Mean Responses 
The analysis of mean plot for the significant location factors, which shows the change in 
the average plating thickness when the parameter is switched from its low (-) to high (+) 
level, is shown in Fig. 4.6. It can be observed that the plating duration (B) and average 
current density (C) have strong positive effects on the average thickness while the width 
of the pattern (A) and the electrode separation (D) have strong negative effects, although 
the effect of pattern width is much weaker when compared with the other active factors. 
A thinner deposit results when the pattern width or electrode separation is large. The 
interaction plot of Fig. 4.7 shows that the combination of low plating duration (B(-), 40 
mins) and high average current density (C(+), 37.7 mA/cm2) gives essentially the same 
deposit thickness as the B(+)C(-) combination, this is because the total ampere-hour are 
approximately the same for the two combinations. However, the dispersion effect of both 
B and C on the run-to-run (between-board) variation is found to be smaller for shorter 
plating duration. Therefore, for a particular target value of deposit thickness, the use of 
higher current density and lower plating duration is more desirable. 
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4.5.2.2 Analysis of the SD Responses 
The analysis of mean plot for the SD responses of Fig. 4.8 shows that both the average 
current density (C) and electrode separation (D) has strong negative effect on the 
workpiece level variation. However, their respective effect cannot be considered alone 
as their interaction is found to be significant. The aggregate effect of the two 
parameters is shown as the interaction plot of Fig. 4.9(a), which shows that minimum 
variation results when both of them are at their high levels, i. e. 37.7 mA/cm2 and 27.9 
cm, respectively. The workpiece level uniformity is poor regardless of the level of the 
average current density when a small electrode separation (12.7 cm) is used. On the 
other hand, the positive effect of electrode separation on the plating uniformity is 
attenuated when a large average current density is used, thus minimizing the thickness 
variability. However, it is found also that the workpiece level variation is highly 
sensitive to the change of the average current density when a large electrode 
separation is employed. Combined with the analysis results of the mean responses 
presented in Sec. 4.5.2.1 above, it can now be concluded that a large average current 
density and electrode separation coupled with a short plating duration will give better 
workpiece level uniformity within the operability region. Furthermore, Fig. 4.9(b) 
shows the mean deposit thickness for the combination of C(+)D(+) under different 
pattern widths (A) and plating durations (B), and the corresponding Faraday's 
prediction. It shows that the average plating rating is not sacrificed for reduced 
variability when a large average current density and electrode separation is used. 
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4.5.3 Finding the Approximate location of Optimum Region and the First-Order 
Model 
Knowing that the average current density (C) and electrode separation (D) are the two 
active factors affecting the workpiece level thickness variability, a response surface 
approach was adopted to identify the local minimum within the process window, i. e., 
the combination of the two factors giving minimum thickness variation. Firstly, the 
approximate region within which the optimal point lies is located. As parameters A 
and B were found to be insignificant in the second round experiment, the 24 design 
was projected [Montgomery, 97] into a 22 design with eight replicates. The mean 
standard deviation (6) of the eight boards in each replicate was then taken as the 
response, as summarized in Table 4.7 below. 
Factors Standard Q Run * 
CD Deviation (mm) Order 
6.26 6.21 3 23 6 31 
6.39 6.23 
6.27 , , , , 16,18,9,27 
6.82 6.02 11 19 5 28 + _ 6.80 6.22 6.47 , , , , 7,32,8,26 
+ 
5.99 5.78 
5 83 13,24,14,21, 
5.65 5.92 . 10,29,1,30 
+ + 
4.33 4.19 
4.31 2,20,15,17, 
4.57 4.15 4,22,12,25 
(* second round experiment) 
Table 4.7: Projected 22 Design with 8 replicates and the Responses 
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Recalling that the CD interaction has significant dispersion effect, a simple steepest 
descent path based on a first degree model involving factor C and D only is not 
determinable. This was also confirmed by a very large F value of 793.9 for the lack of fit 
of the model, which indicates that the response surface is not a plane. However, from the 
response graph of Fig. 4.10, the top right corner, i. e. 37.7 mA/cm2 and 27.9 cm 
separation, is found to give minimum variation and therefore indicates the direction of 
further experimentation and possible improvement. The first degree model including an 
interaction term (CD), as given by equation [4.2], suggests also an increment of both C 
and D levels for reduced thickness variation. 
ä= 25825 - 0.6525C - 0.3275D - 0.4275CD [4.2] 
where Q is the predicted standard deviation (µm), C and D are the coded variables of the 
average current density and electrode separation, respectively. For a two-level factor, the 
coded variable is -1 when the factor is at its low level and +1 when it is at high level. If 
the factor is a continuous variable, the coded value can be calculated by linear 
interpolation for level which is in-between the two extremes. 
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Fig. 4.10: Response graph of the Projected 24 design and 
the Direction for further Experimentation 
Using the center of the 22 design, (0), as a starting point, three additional experiments 
were performed along the approximate steepest descent path of 0(20.3,32.3) 
77 
P(26.7,38.7)Q(30.5,43). Similarly, the mean standard deviations from two replicates 
of each point were obtained as the response, which is also shown in Fig. 4.10. The 
variation was found to be decreasing from point 0 to P and then increased again at 
point Q, suggesting strongly that the local minimum might lie within the vicinity of 
point P. A central composite design (CCD) with four vertices and a replicated center 
point P was therefore devised to characterize the response surface within the 
rectangular neighbourhood of P. Table 4.8 summaries the experimental runs and 
responses. The plating duration was fixed at 20 minutes for all the subsequent 
experiments. A first degree model was then determined as 
&=5.1031 + 0.2944C - 0S020D 
Average Current 
Density (mA/cm2) 
coded uncoded 
Electrode Separation 
(cm) 
coded uncoded 
Standard 
Deviation 
(arm) 
- 33.4 - 24.1 5.60 
+ 44.1 - 24.1 6.45 
- 33.4 + 29.2 4.84 
+ 44.1 + 29.2 5.19 
0* 38.7 0* 26.7 4.32 
0* 38.7 0* 26.7 4.25 
(* using the results of the two replicates of point P) 
Table 4.8 : The Central Composite Design and Responses 
[4.3] 
Subsequent ANOVA rejected the adequacy of the fitted model while single degree of 
freedom curvature check gave aF value of 763 (> F(1, l, o. 025))" Both the two figures 
suggest that a second-degree response surface with higher-degree and crossproduct 
terms is required. 
4.5.4 Second-Order Model Building and Optimization 
A rotatable CCD with nine runs was therefore employed to determine the additional 
coefficients of the second-degree polynomial. The design was formulated by simply 
adding four extra axial points to the design in Table 4.8 with the settings defined by 
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(C, D) = (T-, O) and (C, D) = (O,: F ), in coded form. Table 4.9 summarizes these four 
additional experiments conducted and the responses. 
Average Current 
Density (mA/cm2) 
coded uncoded 
Electrode Separation 
(cm) 
coded uncoded 
Standard 
Deviation 
(Um) 
0 38.7 -4 22.9 5.76 
0 38.7 30.5 4.42 
-J 31.2 0 26.7 5.46 
J 46.3 0 26.7 5.81 
Table 4.9 : Four extra axial points of the CCD and the Responses 
Based on the ten response values of the CCD, the second-degree model for the 
response surface was determined as 
&=4.2871 + 0.3964C - 0.4890D + 0.6754C2 + 0.4507D2 - 0.1216CD [4.4] 
The significance and adequacy of the model was confirmed by the ANOVA tests 
shown as Table 4.10. Moreover, the significance of the contribution by the second- 
degree coefficient estimates was tested with the F statistics, 
Sum of Square(2 "d degree terms) /3 
F= 
Residual Mean Square of 2nd degree model 
which gives a value of 18.62 (Prob. >F=0.0082) and the second-order model was 
concluded to be necessary and adequate. The model has a good performance of R2A 
(0.93) and PRESS (1.16). The R prediction based on PRESS for the model is 
2 PRESS R prediction =1- Total Sum of Square 
= 0.794 
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indicating that the model is able to explain 79.4% of the variability in predicting new 
observations. Fig. 4.11 shows graphically the two CCDs used and the responses at the 
nine design points while the response surface of the second-order model is shown in 
Fig. 4.12. 
Source of 
Variation SS DF MS F Prob. >F 
Regression 5.460 5 1.092 26.63 0.0036 
Residual 0.164 4 0.041 
Lack of Fit 0.161 3 0.054 18 0.1712 
Pure Error 0.003 1 0.003 
Total 5.624 9 
Table 4.10: ANOVA table of the 2 "d Degree Model 
After identifying the optimum region and the second-degree model, the stationary 
point of minimum response can now be determined by taking the partial derivatives of 
Eq. 4.4 with respect to A and B, respectively, and setting them to zero, i. e. 
aa as 
aC = 
0, and äB =0 [4.5] 
Solving the two simultaneous equations of [4.5] gives immediately the optimum 
solution, in coded form, of C= -0.2477 and D=0.5083, corresponding to an electrode 
separation of 28.0 cm. and an average current density of 37.40 mA/cm2. The estimated 
minimum thickness variation, Q m,,,, is calculated as 4.11 um after substituting the 
coded values of C and D into equation [4.4]. The contour plot of the plating thickness 
variation and the stationary point is illustrated as Fig. 4.13, which shows clearly that 
the optimum solution found is the true minimum within the whole experimental 
region. 
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4.5.5 Model Verification 
Verification runs for the second-order model were conducted with 16 combinations of 
average current density and electrode separation within the operability region. The 
standard deviation of 16 points over the board surface was taken as the response and 
the results are summarized as Table 4.11 and graphically in Fig. 4.14. Raw data is 
given in Appendix 4.5. The bracketed values in Table 4.11 represent the standard 
deviation predicted by the second-order model of Eq. [4.4]. They show that, except for 
one case, the model predicts reasonably well within the limits (R 
prediction) 
of its 
predictive power and the relative error ranges from -10% to +10% of the actual 
standard deviation observed. 
Electrode 
Separation (cm) 
Average Current Density (mA/cm2) 
32.3 34.4 38.2 43.0 
4.649 4.868 4.629 4.831 
26.7 
(4.784) (4.402) (4.341) (5.037) 
4.688 4.269 4.600 4.165 27 9 
(4.725) (4.319) (4.251) (4.856) 
4.407 4.005 4.673 5.199 28.6 
(4.780) (4.362) (4.291) (4.850) 
5.100 4.042 4.173 4.863 
29.2 
(4.892) (4.461) (4.387) (4.901) 
Table 4.11: Actual and Predicted Responses of the Verification Run 
On the other hand, the average plating thickness is also compared with the Faraday's 
prediction (Eq. 4.1) assuming uniform distribution in Fig. 4.15. It is found that the 
actual thickness is always greater than the theoretical prediction by approximately 
30%, and the difference increases quadratically with the average current density 
applied, as shown in Fig. 4.16. This is because only the 0.02 cm and 0.05 cm lines of 
the square patterns are measured but not the separating lines (0.51 cm), which can be 
regarded as auxiliary electrodes. The width of these lines (0.48 cm) corresponds to the 
optimum size of auxiliary electrode for the square pattern (AAD = 0.39) according to 
the calculation of [Choi and Kang, 96] for uniformly patterned cathode. They found 
that when the optimum or larger auxiliary electrode was used, the current densities on 
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the patterned surface became higher than the Faraday's prediction. Furthermore, the 
normalized difference and the ratio of the actual deposit thickness to the Faraday's 
prediction was found to be highly correlated with the average current density, as depicted 
in Fig. 4.17(a) and (b). Both the two graphs show that the deviation from the Faraday's 
prediction reaches a minimum when the average current density is approximately 38.9 
mA/cm21, which is also very close to the optimum value of 37.40 mA/cm2 identified 
above. This suggests the reason why an optimum workpiece level plating uniformity is 
achievable at a particular combination of average current density and electrode 
separation, i. e. the thickness variation is minimized when the deviation of the average 
deposit thickness from the Faraday's prediction is minimized . The effect of the 
line 
width can be also viewed as that of the active area density and these two effects were 
further studied in the next round of investigations. 
4.6 Experimental Study of Copper Plating of Non-Uniform Patterns 
The active area density (AAD), proposed by [Mehdizadeh et al., 92], is the fractional 
electroactive area within a particular region of interest (Sec. 2.4.3). It is found that 
regions with smaller AAD tend to grow thicker deposits than those with larger AAD 
[Yung et al., 89], [Mehdizadeh et al., 92,93]. An additional variable, the active area 
density ratio (AADR), which is defined as the ratio of the AAD of two neighbouring 
regions, was introduced in this round of experiments to quantify such dispersion effect of 
the lithographic patterns. Fig. 4.18(a) and (b) show two "zebra" patterns of different 
AADR, which are also the test boards used in the experiments. The actual dimensions of 
the test board are 15.3 cm x 5.7 cm and that of the pattern are 10.7 cm x 5.7 cm including 
the rectangular border. 
The patterns of each test board are made up of three regions with two different AADs. 
The AAD of the left and right region is fixed at 0.1, i. e. the black lines represent 10% of 
the regional area, while that of the center is 0.9 (Fig. 4.18a) and 0.2 (Fig. 4.18b), 
The average current density for which minimum deviation occurs is found from the quadratic relationship 
as 38.89 mA/cm2 for the normalized difference and 38.91 mA/cm2 for the ratio. The two turning points in 
Fig. 4.17(a) and (b) are the results of the two replicates of Point P in Table 4.8. 
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Plating Experiment (Not in Scale) 
thus simulating an AADR of 9 and 2, respectively. The average active area density, 
AAD, over the cathode is 0.37 for an AADR of 9 and 0.13 for an AADR of 2. The 
rectangular border serves as an auxiliary electrode and its area is not included in the 
AAD calculations. The auxiliary electrode is used here to tamper the edge and comer 
effect [Shih and Pickering, 87], so that practically any remaining nonuniformity could 
be attributed to non-uniform active area density. Similar method was employed by 
[Mehdizadeh et al., 93]. The AADR and AAD of the upper and lower half of the 
pattern is the same, but the width of the lines in the lower half region is double that of 
the upper region so that the effect of line width can also be studied. 
The relationship between the average current density, electrode separation, AADR and 
the workpiece level plating uniformity was first studied with a replicated 23 full 
factorial design of 16 runs. The empirical model obtained was then used to determine 
the optimum combination of the first two parameters that minimize the thickness 
variability among patterns of different active area densities. The model was finally 
verified with a "zebra" pattern and a simple circuit with different AADRs. 
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4.6.1 The First-Order Model 
The parameter settings and the responses of the replicated 23 design are summarized in 
Table 4.12 below. The plating thickness was measured directly with a Talysurf 
profilometer to eliminate the error induced by the inherent variability of the base copper 
thickness and the X-ray thickness gauge. A similar approach was also adopted by 
[Mehdizadeh et al., 93] for measuring the deposit thickness at a pattern level. The 
standard deviation of 12 thickness readings, 6 from each region of AAD, was taken as the 
response to reflect the workpiece level plating uniformity. The measurement scheme and 
a typical thickness profile is given in Appendix 4.6. The background variables of the 
experiment were kept as : copper sulphate 75 g/litre, sulphuric acid 185 g/litre, chloride 
70 ppm, brightener 5 ml/litre, plating duration 20 minutes. Raw data are given in 
Appendix 4.7. The current efficiency of each experiment was determined by the method 
of weight gain and summarized as Fig. 4.19 and an average efficiency of 86.4% was 
found for this round of experiments. 
Board 
no. ' 
Coded Variables 
ABC 
Uncoded Variables 
ACD ES 
(mA/cm) (cm) AADR 
SD (um) 
1st trial 2nd trial 
4,5 -1 -1 -1 30.1 15.2 2 3.288 2.419 
2,9 +1 -1 -1 40.9 15.2 2 5.335 4.274 
3,6 -1 +1 -1 30.1 25.4 2 2.652 2.556 
1,7 +1 +1 -1 40.9 25.4 2 6.369 7.718 
15,19 -1 -1 +1 30.1 15.2 9 7.602 5.614 
14,18 +1 -1 +1 40.9 15.2 9 10.045 7.882 
16,20 -1 +1 +1 30.1 25.4 9 5.458 5.378 
13,17 +1 +1 +1 40.9 25.4 9 10.076 11.839 
Table 4.12: The Replicated 23 Design and the SD Responses 
The average current density (A), AADR (C) were found to be highly significant in 
affecting the workpiece level thickness variation, as shown in the ANOVA result of 
Table 4.13. It was noted that although the AB interaction was still significant at the 
A total of 20 boards were actually plated in random order, but four sets of erroneous data from board no. 
8,10,11 & 12 were discarded. 
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Fig. 4.19: Current Efficiency of the Non-Uniform Pattern Plating Experiment 
Source of 
Variation 
SS DF MS F Prob. >F 
Model 115.65 7 16.52 17.03 < 0.0001 
A 51.02 1 51.02 52.60 < 0.0001 
B 1.95 1 1.95 2.01 0.194 
C 53.60 1 53.60 55.26 < 0.0001 
AB 8.04 1 8.04 8.29 0.021 
AC 0.57 1 0.57 0.59 0.464 
BC 0.35 1 0.35 0.36 0.565 
ABC 0.12 1 0.12 0.12 0.738 
Residual 7.73 8 0.97 
Total 123.38 15 
Table 4.13 : ANOVA of the First Order Model for the 
Non-Uniform Pattern Plating Experiment 
89 
2.1% level, its influence was much weaker when compared with A and C, as reflected 
by the relative magnitudes of their coefficients in the first-order of Eq. 4.6. Besides, it 
acted differently when compared with the case of uniform pattern (Fig. 4.9(a)), as 
illustrated in Fig. 4.20 below. It was evident that the plating uniformity was 
significantly better when a low average current density (30.1 mA/cm2) was used, 
irrespective of the levels of the electrode separation. Duncan's test confirmed that the 
difference between the mean (standard deviation) responses was not significant when 
the average current density was at the low level. The same interaction effect was 
observed for both levels of the AADR. 
10 
9+ 
8+ 
7+ 
6+ 
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4+ 
3ý 
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Electrode Separation (B) 
Fig. 4.20: AB Interaction for the Non-uniform Pattern Plating Experiment 
The best model generated by backward elimination suggested a 5-term first-order 
model of A, B, C and AB (R A 0.90, PRESS 18.55, R prediction 0.85), but the full model 
was later found to be more powerful in predicting the actual standard deviation 
despite of its inferior RA (0.88), PRESS (30.91) and R2pred, cdon (0.75) performance. 
The first-order model is determined as follows in coded form, 
ä=6.1565 + 1.7857A + 0.3492B + 1.8303C 
+ 0.7091AB + 0.188AC - 0.1483BC + 0.0871ABC [4.6] 
where A, B and C are the coded variables of the three parameters ranging from -1 to 
+1. The response surfaces of the model are shown in Fig. 4.21(a) and (b) for the two 
90 
First Order Model for AADR = -1 
SD = 4.3262 + 1.5977*A + 0.4974*13 + 0.6220`A`B 
0 ýO ýýýý 5 
ýý%:.. .. o ý- ý_ fý ýýi ý 
ý 3.008 
ý 3.411 
ý 3.815 
4.218 
I 4.622 
= 5.025 
ý 5.429 
ý 5.833 
ý 6.236 
ý 6.640 
above 
(a) Response Surface of the First Order Model for AADR = -l 
First Order Model for AADR = +1 
SD = 7.9868 + 1.9734*A + 0.2009"8 + 0.7961"A*B 
ý 5.921 
ý 6425 
ý 6.929 
7.432 
7 9: ifi 
ý 
ý`ý - 8.439 
10.454 
above 
(b) Response Surface of the First Order Model for AADR = +1 
Fig. 4.21 : Response Surfaces of the First Order Model 
for the Non-Uniform Pattern Plating 
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limits of the AADR. It can be seen that a low average current density of 30.1 mA/cm2 
and a high electrode separation of 25.4 cm give minimum thickness variation for the 
whole range of AADR. The model suggests also that such minimum variation 
increases with AADR. 
4.6.2 Model Verification Using the "Zebra" Pattern 
In order to verify the adequacy of the first-order model in predicting the workpiece 
level variation and the dependency of the minimum variation on the AADR, twelve 
boards with six different values of AADR were plated using the optimal combination 
of average current density (30.1 mA/cm2) and electrode separation (25.4 cm) and the 
resulting variations compared with the model predictions. Fig. 4.22 shows the six 
patterns, with AADR ranging from three to eight, used in the verification runs. The 
AAD of the left and right region was fixed at 0.1 while that of the centre was varied 
from 0.3 to 0.8. All the background variables were kept at the same levels as in the 
Sec. 4.6.1 above and the mean standard deviation of two boards with the same AADR 
was taken as the responses. The results of the comparison are summarized as Fig. 
4.23. An average current efficiency of 91.8% was recorded for the twelve 
experiments. Raw data of the deposit thickness, standard deviation and efficiency are 
given in Appendix 4.8. 
It can be seen from Fig. 4.23 that the first-order model is able to predict the workpiece 
level variation within the AADR range. The full model performs better than the 5- 
term model in that the mean absolute percentage error (6.3%) is much better than that 
of the 5-term model (11.4%). It shows also that the minimum thickness variation 
achievable increases with the AADR over the board surface. The following analysis 
unveiled the effect of the AADR on the workpiece level variation. 
4.6.2.1 Analysis Using the Left, Right and Central Region of the Board 
When the board is partitioned into its left, right and central regions, the first two 
regions combined represent the region of small AAD, i. e. 0.1, denoted by SAAD, and 
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Fig. 4.22: "Zebra" Patterns Used in the Verification Runs 
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Fig. 4.23 : Comparison of the Actual and Predicted Standard Deviation 
of the First Order Model 
9 
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the last region represents the large AAD region, i. e. 0.2-0.9, denoted by LAAD. Fig. 
4.24 shows the variation of deposit thickness and its standard deviation with the 
AADR, with the legends explained in Table 4.14 below. 
Legend Symbol Explanation 
MS - average deposit thickness of the pattern of the SAAD region, 
(point 1,2,3,4,5,6 in App. V) 
ML average deposit thickness of the pattern of the LAAD region, 
(point 7,8,9,10,11,12 in App. V) 
MO average deposit thickness over the whole board 
SDS standard deviation of the deposit thickness of the pattern of 
the SAAD region 
SDL standard deviation of the deposit thickness of the pattern of 
the LAAD region 
Faraday nominal deposit thickness determined by Faraday's Law (Eq. 4.1) 
SDO standard deviation of the deposit thickness over the whole S board 
SDPF standard deviation of the deposit thickness by the first-order full model (Eq. 4.6) 
Table 4.14: Explanation of the Legends used in Fig. 4.23 
The mean value of the results obtained from the two replicates for each AADR is used 
as the response for all of the above variables. Several distinct features are observable 
in Fig. 4.24: 
i/ X remains nearly constant and unaffected by the increasing AADR, i. e. as long as 
the average current density and electrode separation are kept unchanged, the 
average deposit thickness is not significantly affected by the AAD contrast over the 
board surface, 
ii/ XS > XL , X, >X and X, <X for the whole range of AADR, as expected the 
region with smaller AAD attracts more current and develops thicker deposits than 
the region with larger AAD, 
iii/ both X, - XL, X, -X and X- XL increase with AADR, which means that the 
AADR intensifies the difference in deposit thickness between regions with 
different AAD, such an effect is also observable when the AAD contrast over the 
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upper, lower, left-centre and centre-right region of the board is considered, as 
shown by the corresponding response graphs in Appendix 4.9, this explains the 
positive effect of AADR on the workpiece level thickness variation and is further 
elaborated in the next paragraph, 
iv/ ss and SL remain approximately constant for the whole range of AADR, and ss is 
always slightly larger than SL . Such a phenomenon 
is also observable in the 
subsequent verification experiments using a simple circuit (Sec. 4.6.3). It is 
interesting to note that the effect of AAD on the thickness variation is reversed 
here in the presence of the AAD contrast, while it is generally agreed [Mehdizadeh 
et al., 92], [Choi and Kang, 96] that smaller AAD enhances plating uniformity. 
This suggests strongly an interaction effect between the AAD and AADR. It was 
not observable in previous investigations either because it does not exist in the 
case of uniform pattern or the magnitude of (ss + SO it too small to have an 
noticeable effect on the overall uniformity, as evident in Fig. 4.25. 
The relative influence of XS , XL , 
X, ss and sL on the workpiece level variation s 
deserves further consideration. Consider the deposit thickness of 2n points over the 
board surface, with the first (1,2,3, .... n) points taken from the SAAD region and the 
last (n+l, n+2, .... , 2n) taken from the LAAD region. The means and standard 
deviations of the deposit thickness of the two regions are given by 
(X, 
-XS)I 
XS =E xi SS2 
i -I 
n -1 
[4.7] 
, _I 
_ 
zn 
ýx; 
I=n+t 
2n 
Yj (x, -Xc)2 
-2 
1=n+1 
SL - 
n-1 
[4.8] 
where x; is the deposit thickness at a particular point and n equals six in our 
verification experiment. The overall mean and the standard deviation of the deposit 
thickness across the board are then 
2m 
(x, ISz 
= 
1 
[4.9] 
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It can be shown that, using Eq. 4.7 and Eq. 4.8, the expression fors2 can be expanded 
as 
3 2m _ 
s2 4(2n -1) 
ý X'Z 2n -I 
X2 
2(2n -1) 
XSXL + 4(2n 
11) 
(ss2 + sý2 ) [4.10] 
which relates the workpiece level thickness variation with XS , XL , X, ss and SL . 
The observations of i/ and iv/ discussed above imply that the second and fourth term 
in the right hand side of Eq. 4.10 remain approximately constant with AADR. The 
magnitude ofs2 therefore depends largely on the first and third terms. Fig. 4.25 shows 
the variations of these four components with AADR for the verification runs. It shows 
that the first term, which is the sum of squares of all the thickness readings, remains 
also approximately constant with AADR'. It means that the increase ofs2 with AADR 
is mainly the result of the increase of the product term XSXL under the scattering 
effect of AADR described in iii/ above. This is also supported by the relatively strong 
correlation of the third term with AADR (. 80) when compared with the other three 
terms, as shown in Fig. 4.26. On the other hand, as X remains relatively constant, it 
follows that s2 is minimized when Y. = XL within the AADR range considered. 
Although only six measurement points (n = 6) are taken and used in the above 
illustration, it can be shown further that as n --ý oo , 
Eq. 4.10 becomes 
Q2=1 (QS2+cL2)+I(ps-PL)2 [4.11] 
24 
where Q2 and u are, respectively, the true variance and mean of the deposit thickness 
over the entire board surface, ßs2 and QL2 is, respectively, the true variance of the 
deposit thickness over the entire SAAD and LAAD region, Us and frL is the true mean 
deposit thickness of the entire SAAD and LAAD region, respectively. Therefore, the 
sole dependency of cr2 on us and PL remains unchanged if as2 , QL2 and p2 do not change 
with AADR. The workpiece level variation can still be largely attributed to the 
scattering effect of AADR on Ps and u, under the limiting case. In fact, n=6 was 
= In fact, the first term will converge into a linear combination of XS, X -L , SS and SL and vanish as 
n is approaching infinity, as reflected by Eq. [4.11 ], it means that practically s2 is independent of the 
sum of squares of the thickness readings if sufficiently large number of samples are taken. 
98 
found to be sufficiently large for the limiting equation of Eq. 4.11 to give an accurate 
estimate of the actual standard deviation (s), when XS , 
Y,, sS and SL were used in 
place of their true values. The average absolute percentage error was found to be 1%. 
This is substantiated by Fig. 4.27 below. 
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Fig. 4.27: Comparison of s2 (SDO) and o calculated by Eq. 4.11 
Furthermore, Eq. 4.11 shows that when XS = XL, Q2 is minimized and is given by 
the mean of true variances of the deposit thickness over the SAAD and LAAD 
regions. This happens, theoretically, when AADR =1 and the mean deposit thickness 
of the two regions are equal. It means that the workpiece level thickness variation is 
minimized when the AADs of two neighbouring regions, and hence the average 
deposit thickness, are the same. 
4.6.2.2 Analysis Using the Upper and Lower Region of the Board 
The upper and lower half of the board have the same local average active area density, 
AAD and AADR, but the width of lines in the upper region is only half that of the 
lower region for AADR 3,4 and 5. Fig. 4.28 shows the mean responses of the average 
deposit thickness and the standard deviation when the board is partitioned into its 
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upper and lower halves. Similar set of legends are used and explained as Table 4.15 
below. It can be observed that : 
Legend Symbol Explanation 
MN XN average deposit thickness of the pattern of the upper region, (point 1,2,3,4,7,8,9,10 in App. V) 
MT XT average deposit thickness of the pattern of the lower region, 
(point 5,6,11,12 in App. V) 
SDN SN standard deviation of the 
deposit thickness of the pattern of 
the upper region 
SDT ST standard 
deviation of the deposit thickness of the pattern of 
the lower region 
Table 4.15: Explanation of the Legends used in Fig. 4.28 
i/ XN > XN >'Y , X. <X for the whole range of AADR, and XN / XTremains 
nearly constant for the whole range of AADR. It means that the positive effect of 
line width on the average deposit thickness, which is also found to be significant in 
the uniform pattern plating experiment of Sec. 4.5.2, exists also in non-uniform 
pattern plating but it is independent of the AAD contrast over the board surface. 
sN > s. for the whole range of AADR but sN - s,. changes non-linearly with the 
AADR, the latter is illustrated in Fig. 4.29 below. This shows that the pattern level 
variation can be different even though they have identical local AAD and AADR if 
their individual feature sizes are different. This is different from the results of 
[Mehdizadeh et al., 93], which show that the pattern level variation is independent 
of the feature size and hence the conclusion that a patterned region can be viewed 
as a continuum characterized solely by its AAD distribution. There may be two 
possible reasons. Firstly, their feature sizes, ranging from 10 µm to 140 µm, are 
much smaller than those employed in this experiment (0.76 mm to 14.48 mm) and 
the effect of line width may not be significant at such a small scale, or may be 
masked out by other factors such as average current density. Secondly, Fig. 4.29 
shows that sN - sT is smaller when the AADR are at their extreme value of 2 and 
9. Since [Mehdizadeh et al., 93] carried out their experimental verification only at 
an AADR of 9, it may be possible that the difference was too small to be reflected 
in their experimental results. Furthermore, Fig. 4.29 shows that the difference 
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between the pattern level variation caused by the feature size effect is at its 
minimum when the AADR is around 5, i. e. when the AAD of the center region is 
approximately 0.5. It suggests an interaction effect of the feature size, AAD and 
AADR which is worthy of further investigation. 
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Fig. 4.29: The Difference in Pattern Level Variation of the Upper and Lower Region 
4.6.3 Model Verification Using a Simple Circuit Pattern 
The validity of the first-order model was further tested with a simple circuit pattern 
with AADR ranging from 2 to 6 as shown in Fig. 4.30. The dimensions of the board 
and the rectangular border were the same as those employed in the previous round of 
experiments but the circuit consists of two regions of different active area densities 
only. Table 4.16 summarizes the density values, the difference of the AAD of the two 
regions, AADD, and the average AAD over the whole board, AAD, for each AADR. 
It can be seen that there is a drop of AADD and AAD for the AADR of 4 because a 
smaller AAD is used in the SAAD region. This is different from the previous round in 
which AAD always increases with the AADR. 
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Fig. 4.30: The Simple Circuit Patterns used in the Second Verification Runs 
AADR 
AAD 2 3 4 5 6 
Upper Region 
(SAAD) 0.1 0.1 0.05 0.05 0.05 
Lower Region 
(LAAD) 0.2 0.3 0.2 0.25 0.3 
LARD-SHAD 
(AADD) 0.1 0.2 0.15 0.2 0.25 
AAD 0.15 0.2 0.125 0.15 0.175 
Table 4.16 : Active Area Densities of the Circuit Patterns 
The deposit thicknesses of 12 points (6 from each region) on the pattern were 
measured for each board. All the process variables were kept at the same levels as in 
the previous round and the mean standard deviation of two boards with the same 
AADR was taken as the response. An average current efficiency of 86.4% was 
recorded for the ten experiments. Raw data of the deposit thickness, standard 
deviation and efficiency are given in Appendix 4.10. Fig. 4.31 (a) and (b) show the 
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variation of the mean and standard deviation of the deposit thickness with the AADR, 
using the same set of legends as Table 4.14. All the observations discussed in Sec. 
4.6.2.1 are observable in the two figures, except for the fact that ss and sc seem to be 
decreasing with AADR before they stabilize at high AADR values. In particular, the 
scattering effect of AADR on the average deposit thickness is prominent in Fig. 
4.31(a). Eq. 4.11 was also found to give an accurate estimate of the actual workpiece 
level standard deviation, s, with an average absolute percentage error of 2.7%. The 
two components of s2 are plotted against AADR in Fig. 4.32, which explains again the 
dominating effect of AADR. 
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Fig. 4.32: Variation of the Variance and Mean Components of s2 with AADR 
The workpiece level variation (s or SDO) is compared with the first-order model 
predictions in Fig. 4.33, which shows that the model under-predicts the thickness 
variation. In the light of the differences in the test patterns of the two verification runs, 
namely the AADD and AAD (Fig. 4.22, Fig. 4.30, Table 4.16), two possible reasons 
are proposed and it is shown that the first-order model can be modified to cater for 
such effects. 
i/ AAD effect : an obvious disruption between the AADR value of 3 and 4 can be 
observed in the response graph of Y, Xs - XL (Fig. 4.31a) and s (Fig. 4.31b), i. e., 
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there is sudden decrease of all the three responses when the AAD and AADD drop at 
the AADR of 4. This shows that in addition to the AADR, the average active area 
density over the board surface, AAD, also has a strong influence on the average 
deposit thickness and its variations. The two figures show further that both XS - XL 
and s is strongly correlated with AAD, suggesting that the workpiece level variation 
increases with AAD. Such effect is also pointed out by [Mehdizadeh et al., 93] on a 
pattern-level (Sec. 2.4.3) and [Shih and Pickering, 87] on a uniformly patterned surface 
(Sec. 2.4.2.2). For the circuit pattern of Fig. 4.30 above, the AAD can be expanded as 
AAD _ 
SAAD + LAAD 
2 
_ 
SAAD 
2 
[4.12] 
This shows that AAD encompasses both the effect of AADR and AADD (= LAAD- 
SAAD) and might be a better parameter for characterizing the workpiece level variation 
than AADR in that sense. 
ii/ scale effect : the other major difference between the two test patterns is the number of 
continuums, i. e. regions with the same active area density, over the board surface. As 
there are only two continuums over the board in the second verification runs, the area 
per continuum, A,, and the number of AAD contrast, n,., is different from the first 
round. Table 4.17 summarizes these differences for the two rounds. 
1St Verification Run 2"d Verification Run 
A, 
n, 
13.93 cm2 22.08 cm2 
21 
Table 4.17 : The Differences in A. and n. of the Two Verification Runs 
The review of previous researches shows that all forms of Wagner number involve 
the reciprocal of the characteristic length, L, of the systems under consideration 
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(both one and two-dimensional), and the deposit uniformity is inversely 
proportional to the Wagner number. It seems logical to suggest that the three- 
dimensional workpiece level variation can be characterized by the area under 
consideration, with the former being proportional to the latter. It follows that 
reducing the area of the zone over which the AAD contrast occurs, i. e. Ac, will 
reduce also the workpiece level variation. For the purpose of simplicity, it is 
assumed here that the whole board surface is divided into continuums of equal area 
A,, which is also the case of the two verification runs. On the other hand, while A, 
reflects the scale of the problem, one additional parameter, ne, is needed to reflect 
the degree of non-uniformity of the surface patterns. Since the workpiece level 
variation increases with Ac, it will be inversely proportional to nr if the total area of 
the board is kept constant. 
After considering the above two effects, the modified parameter for the active area 
density effect, AADP, should take the form 
AADP =. f(AAD, A, ,, n 
) 
. 
[4.13] 
To preserve the linearity between the low (-) and high (+) levels of the parameter, 
which is required by the first-order model of Eq. 4.6, AADP should be a linear 
function of AADR also. After a number of trials, it was found that 
AADP = AAD 
Ac 
nc 
[4.14] 
was found to be the best transformation. After substituting the corresponding values 
of AAD, Ac and nc into Eq. 4.14, the coded and uncoded parameters of AADR and 
AADP is recalculated as Table 4.18 for the two verification runs. The first-order 
model is modified by simply using the coded parameter of AADP instead of AADR. 
As coded parameters are used in Eq. 4.6 and the coded AADR and AADP are the 
same for the first verification run, the standard deviation predicted by the modified 
model remains unchanged. For the second verification run, the workpiece level 
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variation, denoted by SDPM in Fig. 4.33, is calculated using the modified first-order 
model and the average percentage error is found to be 2.8%. The modified model is 
considered highly accurate, given the major difference between the test patterns used 
in the two rounds of experiments. 
AADR 
AADP 2 3 4 5 6 7 8 9 
1st Verifi- uncoded 0.14 0.17 0.21 0.24 0.28 0.31 0.35 0.38 
cation coded -1 -0.71 -0.43 -0.14 +0.14 +0.43 +0.71 +1 
2nd Verifi- uncoded 0.28 0.37 0.23 0.28 0.32 N/A N/A N/A 
cation coded +0.14 +0.91 -0.24 +0.14 +0.53 N/A N/A N/A 
Table 4.18 : Recalculated Parameter Levels of AADR and AADP for 
the Two Verification Runs 
4.7 Summary 
In short, six sets of statistically designed experiment were conducted sequentially to 
study the effects of the average current density, electrode separation and active area 
density on the workpiece level plating uniformity of patterned substrates. Statistical 
models were established to predict the plating thickness variability of both uniformly 
and non-uniformly patterned substrate in the operability space and verified 
experimentally. Optimum combinations of the two process parameters giving 
minimum thickness variability were determined from the model. The verification run 
of the uniform-pattern model showed that the optimum average current density 
yielded also minimum deviation of deposit thickness from Faraday's prediction. The 
scattering effect of the AAD contrast in the average deposit thickness was unveiled in 
the first verification run of the nonuniform-pattern model and elaborated from a 
statistical viewpoint. The first-order prediction model was further modified to cater 
for the effects of the average active area density and scaling, which were uncovered by 
the second verification runs using a simple circuit pattern. 
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CHAPTER 5 
EXPERIMENTAL DESIGN AND ANALYSIS : 
PLATED-THROUGH HOLE AND BLIND VIA PLATING 
5.1 Introduction 
The previous sets of matrix experiments showed that the workpiece level plating 
uniformity of patterned substrates was significantly affected by the average current 
density, electrode separation and their interaction. It seems that the thickness variation 
is predictable within the operability region and can be minimized using an empirical 
second-order model. The objective of this set of experiment is to investigate, among 
the others, the effect of these two parameters on the workpiece level uniformity of 
PTH and BV plating. This differs from the previous investigations where plating 
uniformity was modelled at the feature level, as reflected in the review of Sec. 3.3.4.1. 
5.2 Plated-Through Hole (PTH) Plating Workpiece Level Modelling 
The objectives of the PTH experiments can be summarized as 
it to identify the significant process and product parameters that affect the plating 
thickness distribution of plated-through holes at a workpiece level, 
ii/ to determine the effects of these significant parameters, and their interactions, 
ii/ to construct an empirical model for the relationship between the workpiece level 
thickness variation and the significant process parameters, and 
iii/ to identify the optimum combination of parameters settings so as to minimize the 
thickness variability within the experimental range. 
5.2.1 Factors Screening and the First Order Model 
Six process and product parameters were studied in the first stage of experimentation, 
and their levels are summarized in Table 5.1 below. Concentration of sulphuric acid 
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and copper sulphate are known to affect the feature-level tertiary current distribution, 
especially in the high current density regime (30-40 mA/cm2) when the mass transfer 
limit is approached [Lanzi and Landau, 88], [Hazlebeck and Talbot, 90]. Anode- 
cathode separation is geometry-dependent, hole separation and aspect ratio are 
product-dependent parameters. The ranges of A, B and C cover the usual operating 
window while that of D, E and F represent the limits of the configuration of the first 
(smaller) purpose-built testing cell and the PCB thickness. 
Factors 
Levels 
(-1) (+1) 
A. Concentration of sulphuric acid (g/L) 165 200 
B. Concentration of copper sulphate (g/L) 65 90 
C. Average current density (mA/cm2) 32.28 43.04 
D. Electrode separation (cm) 12.7 17.78 
E. Inter-holes distance (cm) 0.45 2.2 
F. Corrected aspect ratio (mm) 2.56 6.40 
Table 5.1 : Factors Settings of the 2v16-1 PTH Screening Experiment 
A 2vi6"1 FFD with 32 runs was used to screen out those important factors to be 
included in subsequent model building and the direction of further experimentation. 
This allows the studying of the main effect of each parameter and the interactions 
between the six process and product parameters. This resolution VI design was 
constructed using a 25 full factorial as the first five columns and the sixth column was 
generated by the defining relationship I= ABCDEF, i. e. F= ABCDE. Such a high 
resolution ensures that each main effect is aliased only with a single 5-factor 
interaction and each 2-factor interaction is aliased only with a single 4-factor 
interaction. Therefore, all the main effects and 2-factor interactions obtained are clear 
from all low-order interactions, which are assumed to be negligible. The Full alias 
structure is given in Appendix 5.1. Four layouts of the test boards are shown in Fig. 
5.1 to illustrate the combinations of the various levels of inter-hole distance (E) and 
the corrected aspect ratio (F). Depending on the dimension of the inter-holes distance 
The adjusted aspect ratio, L2/Ro, as suggested by [Kessler and Alkire, 76b], [Alkire and Mirarefi, 77a, 
77b] and [Yung et a!, 89], is used here instead of the conventional L/R0. 
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(E). a maximum of thirty and a minimum of eight through holes and blind vias were 
drilled on the test boards using a CNC drilling machine. 
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Fig. 5.1 : Test Boards of the PTH Screening Experiment (Not to Scale) 
The mean and standard deviation of the plating thickness on the walls of the through- 
holes measured by the X-ray thickness gauge were determined and taken as the 
responses. All the hole walls were measured but the largest and smallest thickness 
values were excluded from the calculations to reduce the bias caused by extreme data. 
The parameter settings and the responses of the screening experiment are summarized 
as Table 5.2 below. The experiments were conducted in a randomized order. Raw data 
of the thickness readings are given in Appendix 5.2. The plating efficiency of all the 
experimental runs, as determined by the method of weight gain, is charted as Fig. 5.2. 
All the effect calculations and mathematical analysis were done using JMP Release 
3.2 while the normal probability and response surface plots were constructed by 
STATISTICA Release 5.0 and MATLAB Release 4.2. 
5.2.1.1 Analysis of the Mean Responses : 
To identify the significant parameters affecting the mean plating thickness, a normal 
probability plot of the mean responses is constructed as Fig. 5.3, which shows that the 
average current density (C), electrode separation (D), the corrected aspect ratio (F) and 
the sulphuric acid x copper sulphate (AB) have strong effects on the average plating 
rate. ANOVA is performed after pooling all the residual sum of squares and 
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Run 
No. 
Run 
order 
A B C D E F Mean 
SD 
1 29 - - - - -+ 12.121 3.012 
2 20 + - - - -- 13.717 3.293 
3 11 - + - - -- 13.280 1.703 
4 1 + + - - -+ 9.4470 1.422 
5 30 - - + - -_ 13.011 3.377 
6 21 + - + - -+ 14.093 2.597 
7 15 - + + - -+ 14.795 1.941 
8 8 + + + - -- 14.232 3.232 
9 32 - - - + -- 13.054 2.530 
10 18 + - - + -+ 12.551 2.130 
11 13 - + - + -+ 14.256 3.053 
12 7 + + - + -- 13.654 2.262 
13 25 - + + -+ 14.022 2.383 
14 19 + - + + -- 16.285 5.194 
15 12 - + + + -- 14.538 4.191 
16 6 + + + + -+ 12.908 2.601 
Run 
No. 
Run 
order 
A 
Mean SD 
17 31 - -- - + - 12.506 1.939 
18 17 + -- - + + 11.502 3.453 
19 10 - +- - + + 11.465 1.655 
20 3 + +- - + - 10.523 1.771 
21 27 _ _+ - + + 12.778 2.085 
22 24 + -+ - + - 15.121 2.521 
23 16 - ++ - + - 15.722 1.974 
24 5 + ++ - + + 10.573 3.179 
25 28 + + + 13.676 1.848 
26 22 + " + + - 13.111 1.166 
27 9 _ + + + _ 13.331 1.528 
28 2 + +" + + + 9.970 1.714 
29 26 - -+ + + - 16.960 3.830 
30 23 + _+ + + + 16.275 3.168 
31 14 - ++ + + + 13.870 3.081 
32 4 + ++ + + - 16.308 5.081 
Table 5.2 : Parameter Settings and the Responses of the PTH Screening Experiment 
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Fig. 5.2 : Plating Efficiency of the PTH Screening Experiment 
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Fig. 5.3 : Normal Plot of the PTH Screening Experiment (Mean Responses) 
Source SS DF MS F Prob. >F 
Model 78.266 6 20.307 17. 54 < 0.0001 
A 2.596 1 2.596 2. 24 0.1469 
B 4.434 1 4.434 3. 83 0.0617 
C 34.708 1 34.708 29. 97 < 0.0001 
D 12.358 1 12.358 10. 67 0.0032 
F 13.854 1 13.854 11. 96 0.0020 
AB 10.316 1 10.316 8. 91 0.0063 
Residual 28.959 25 1.158 
Total 107.226 31 
Table 5.3 : ANOVA Table of the PTH Screening Experiment (Mean Responses) 
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summarized as Table 5.3, which confirms the significance of the model and the four 
parameters. 
Fig. 5.4 illustrates the strong positive effects of C, D, and the negative effects of F and 
AB on the mean plating thickness of the through holes and the interaction plot of AB 
is given in Fig. 5.5. As a constant plating time of 20 minutes is kept for all 
experimental runs, the mean response reflects the average plating rate under the 
particular plating condition. Fig. 5.4 shows that maximum average plating rate can be 
achieved when the average current density (C) and electrode separation (D) are at the 
high (+) levels of 43.04 mA/cm2 and 17.78 cm, respectively. The negative effect of 
the corrected aspect ratio (F) means that the average plating rate is reduced when the 
through holes get smaller. 
On the other hand, the interaction plot of Fig. 5.5 shows that maximum average 
plating rate can be achieved when the concentration of sulphuric acid (A) is at the 
high (+) level of 200 g/L and copper sulphate (B) is at the low (-) level of 90 g/L, or 
vice versa. Duncan's multiple range test [Duncan, 55] for the mean responses shows 
that, at an a-risk of 0.01, 
" the positive effect of sulphuric acid on the average plating rate is not significant 
when the copper sulphate is at its low (-) level, and 
" the positive effect of copper sulphate on the average plating rate is not significant 
when the sulphuric acid is at its low (-) level. 
This interacting effect can also be observed in the interaction plot of Fig. 5.5. It means 
that maximum average plating rate would be resulted regardless of the concentration 
of the sulphuric acid or copper sulphate when either one, but not both, of the 
parameters is kept at a low (-) level. On the contrary, if either one of the parameter is 
at its high (+) level, maximum average plating rate can only be maintained when the 
other one is kept at its low (-) level. The strong negative effect of copper sulphate on 
the average plating rate at the high acid level can be explained by its negative effect 
on the conductivity of the electrolyte [Newman, 1991b]. The overall current efficiency 
is reduced when the ohmic resistance of the electrolyte is increased. 
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5.2.1.2 Analysis of the SD Responses 
The normal probability plot of the SD responses is shown as Fig. 5.6, which shows 
that average current density (C), the average current density x electrode separation 
(CD) interaction and the average current density x corrected aspect ratio (CF) 
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interaction are the significant parameters affecting the workpiece level plating 
uniformity of the through holes. 
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Fig. 5.6: Normal Plot of the PTH Screening Experiment (SD Responses) 
Fig. 5.7 shows the analysis of mean plot for the effects of significant factors C, the 
interaction CD and CF, which is also defined as the change in the mean response, i. e. 
mean standard deviation, when the factor is switched from its low (-) to the high (+) 
level. It shows that parameters C and CD have strong positive effects on the 
workpiece level thickness variation while CF has strong negative effect. 
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Fig. 5.7: Analysis of Means Plot for the SD Responses 
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As the two interaction factors are significant, desirable parameter settings can only be 
determined from the interaction plots, which are shown as Fig. 5.8(a) and (b). The 
intersecting lines indicate strong interaction between the three parameters. If the 
objective is to minimize the thickness variation within the experimental range, Fig. 
5.8(a) shows that the low average current density, C(-), of 32.28 mA/cm2 and a large 
electrode separation, D(+), of 17.78 cm should be selected. Fig. 5.8(b) shows also that 
a low level of average current density gives better uniformity regardless of the level of 
the corrected aspect ratio F. Moreover, both the two interaction plots show that a low 
level of average current density can reduce the dispersion effect of the D and F, i. e. the 
variability induced by D and F from run to run can be reduced when an average 
current density of 32.28 mA/cm2 is used. 
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Fig. 5.8 Interaction Plots for the Parameters C, D and F 
5.2.13 Building the First-Order Model of the SD Responses 
By pooling the sum of squares of all the insignificant parameters to give an estimate 
of the random error, an ANOVA is performed and the 4-term first-order model is 
found to be highly significant (cc = 0.0003). The principal of hierarchy [Myers and 
Montgomery, 95] requires also the inclusion of the parameter D (electrode separation) 
and F (corrected aspect ratio) into the model, which yields the ANOVA table of Table 
5.4. The 6-term first-order model, which can also be obtained by the projected 23 full 
factorial design of C, D, F and selecting the same set of parameters, is given by the 
equation below in coded form : 
SD= 2.6536 + 0.4986C + 0.2064D + 0.1959F + 0.3325CD + 0.3269CF [5.1] 
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where SD is the predicted standard deviation. 
Source SS DF MS F Prob. >F 
Model 17.505 5 3.501 6.97 0.0003 
C 7.956 1 7.956 15.85 0.0005 
D 1.363 1 1.363 2.72 0.1111 
F 1.229 1 1.229 2.45 0.1296 
CD 3.538 1 3.538 7.05 0.0134 
CF 3.419 1 3.419 6.81 0.0148 
Residual 13.057 26 0.502 
Lack of Fit 2.086 2 1.043 2.28 0.124 
Pure Error 10.971 24 0.457 
Total 30.562 31 
i :: 1 
Table 5.4: ANOVA Table of the PTH Screening Experiment (SD Responses) 
Although the model was found to be significant in the ANOVA test, the R2A (0.4906) 
and PRESS (19.78) performance, however, are unsatisfactory, indicating the limited 
predictive power (Rpred aio» = 0.35) of the fitted model. 
The lack of fit, which is 
insignificant, of the model shows that the first-order model accurately describes the 
response surface and can be used to search for levels of the parameters that would 
produce more optimal values of the response, i. e. smaller thickness variation (SD). 
As the first-order model contains two interaction effects (CD, CF), the response 
surface is a twisted plane and the path of steepest descent is not determinable. An 
approximate direction of steepest descent, however, can be identified from the 
response cube-plot of the projected 23 full factorial shown as Fig. 5.9. 
In Fig. 5.9(a), the values at the corners of the cube are the average responses of the 
four replicates of the eight design points of the full factorial, while in Fig. 5.9(b), they 
refer to the predicted responses using first-order model of Eq. 5.1. It shows that 
minimum variation results at low average current density (C) and high electrode 
separation (D) for the whole range of the corrected aspect ratio (F). Therefore, in the 
coded variable coordinate system of (C, D, F), the line joining (0,0,0) and (-l, 1,1) 
represents the direction for minimizing the workpiece level variation and hence the 
path of further experimentation. 
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Fig. 5.9 : Cube-plot of the Projected 23 full factorial of the 
PTH Screening Experiment (SD Responses) 
5.2.1.4 Residual Analysis 
Analysis of the residuals of the first-order model revealed no abnormality of concern. 
Normal probability plot is given in Appendix 5.3. 
5.2.2 Second-Order Model Building and Optimization of Workpiece Level 
Variation 
Using the comer in the (C, D, F) space as the centre point, a 16-run rotatable 
CCD involving the three factors C, D and F was designed and conducted to build a 
second-order model for the workpiece level variation and examine the possibility of 
minimizing such variation within the experimental space. Factor levels and settings 
are summarized in Table 5.5 below. As the factors A, B and E were found to be 
insignificant in the first-order model, they were not included in the second-order 
model and were held constant in this round of experiments. 
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Fixed Factor Levels 
Factors 
Level (-1.682) (-1) (0) (+1) (1.682) 
A Sulphuric acid (g/L) 180 -- -- -- -- -- 
Copper Sulphate 
B. (gIL) 75 -- -- -- -- -- 
C 
Average current 
i -- 27.8 29.6 32.3 35.0 36.8 Density (mA/cm ) 
D 
Electrode 
15.6 16.5 17.8 19.1 20.0 Separation (cm) 
Inter-hole Distance 
E (cm) 0.45 -- -- -- -- -- 
F 
Corrected Aspect 2 048 2.226 2.560 3.012 3.413 Ratio (mm) . 
Table 5.5 : Factor levels and setting of the PTH CCD Experiment 
Similar to the first round experiment, the standard deviations of the hole-wall plating 
thickness were taken as the responses and summarized in Table 5.6. Twenty thickness 
readings were taken from the ten holes of each test board and the two largest and 
smallest readings were discarded in the calculation, raw data are given in Appendix 
5.4. An average plating efficiency of 86.7% was recorded in this round. 
Observation 
no. 
Run 
order C D F 
SD (pm) 
1 2 -1 -1 -1 0.3673 
2 15 -1 -1 1.8830 
3 10 -1 -1 0.9132 
4 6 -1 2.2348 
5 11 -1 -1 2.5430 
6 8 -1 2.7993 
7 3 -1 1.9653 
8 9 1.8670 
9 12 -1.682 0 0 1.7033 
10 1 1.682 0 0 3.4312 
11 4 0 -1.682 0 1.9151 
12 7 0 1.682 0 1.4272 
13 16 0 0 -1.682 0.7296 
14 13 0 0 1.682 1.3834 
15 5 0 0 0 1.1404 
16 14 0 0 0 1.3805 
Table 5.6 : Factor levels and Responses of the PTH CCD Experiment 
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The 10-term full second-order model in coded form is determined as 
SD=1.2579+0.4321C-0.1049D+0.357F+0.4681C2 +O. 1513D 2 -0.066F2 
- 0.0686CD - 0.3349CF - 0.301DF [5.2] 
The R2A, PRESS and R2pred ction values of the model are 0.90,2.71 and 0.71, 
respectively, which shows that the second-order model is better than the first-order 
model of Eq. 5.1. Using the method of backward elimination [Miller, 90], the best 
fitted model is found to be the 8-term model of Eq. [5.3] with a R2A of 0.91, PRESS of 
1.74 and R2predcaon of 0.81. This is also the model where the Mallow's Cp statistic 
[Mallow, 73] (7.23) first approaches the number of model parameters (8). Table 5.7 
shows the ANOVA test of the model and its significance. 
SD= 1.1541+ 0.4321C - 0.1049D + 0.357F+ 0.4959C2 +0.1791D2 
- 0.3349CF - 0.301DF [5.3] 
Source SS DF MS F Prob. >F 
Model 8.845 7 1.264 22.57 0.0001 
Residual 0.448 8 0.056 
Lack of Fit 0.419 7 0.060 2.07 0.4906 
Pure Error 0.029 1 0.029 
Total 9.293 15 
Table 5.7 : ANOVA of the PTH 8-term Second-order Model (SD Responses) 
5.2.2.1 Response Surfaces and Optimization 
As the second-order model (Eq. 5.3) contains three independent variables, the 
response surface can only be conveniently visualized by fixing the level of one of the 
variables. Two response surfaces are shown in Fig. 5.10(a) and (b) for the cases of low 
(-1) and high (+) level of the corrected aspect ratio (F). The response surfaces show 
that minimum variability can be obtained for different values of F. The optimum 
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values of average current density (C) and electrode separation (D), which depend on 
the value of F, can be determined by simple differentiation as follows. 
O SD = 0.4321 + 0.9918C - 0.3349F =0 ac 
i. e. C=0.3377F - 0.4357 
O SD 
=-0.1049+0.3582D-0.301F=0 aD --__ ý_ ý ------- ------ - 
i. e. D=0.8403F + 0.2929 
[5.4] 
[s. s] 
The locus of the optimum combinations of C and D for the whole range of F can be 
obtained by solving simultaneously Eq. 5.4 and Eq. 5.5, which yields 
D=2.4883C + 1.3771 [5.6] 
The resulting locus, illustrated in Fig. 5.11, shows that optimum values of average 
current density (C) and electrode separation (D) increase with the corrected aspect 
ratio (F) within the experimental range. Therefore, larger current density and electrode 
separation is required to obtain minimum variability for smaller through-holes. The 
sensitivity of the optimum solution towards the average current density is 2.5 times 
higher than the electrode separation. 
The minimum variability, SDm;,,, obtained by solving Eq. 5.3 - Eq. 5.5 is plotted 
against parameter C and D as Fig. 5.12. It shows that the minimum thickness 
variability achievable increases with the corrected aspect ratio (F) and reaches its 
maximum when F is at the coded level of 1.13 (1.66 mm hole), and drops a little when 
F is approaching its upper limit. The relationship between SDm;,, and F can be 
determined as 
SDm, 
n = -0.183F2 +0.4148F+ 
1.0446 [5.71 
Eq. 5.7 is graphed as Fig. 5.13, which shows that although the workpiece level 
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uniformity deteriorates when the through-holes get smaller, the detrimental effect of 
the corrected aspect ratio tends to decrease at the same time. It is also noted in Fig. 
5.11 that the optimum level of electrode separation (D) for F= +1.68 lies outside the 
experimental range and should be treated with caution. 
5.2.2.2 Residual Analysis 
Normality and independence assumptions of the residual of the second-order model 
were verified by the normal probability plot set out in Appendix 5.5. 
5.2.3 Model Verification 
Twenty four more experiments were performed to verify the adequacy of the second- 
order model in predicting the workpiece level plating uniformity within the 
experimental range. The standard deviation of 20 hole wall plating thickness readings 
were determined from each test board. Two replicates were run for each of the twelve 
combinations of C, D and F, while the mean standard deviations were taken as the 
responses. The factors settings and responses are summarized in Table 5.8 below. 
Raw data are given in Appendix 5.6. Predicted responses of the second-order model 
(Eq. 5.3) are plotted against the actual standard deviations obtained from the model 
building (Table 5.6) and verification runs (Table 5.8) as Fig. 5.14. It shows that the 8- 
term model is able to predict 90% of the variations within the experimental range, 
with an absolute percentage error of 0.10. 
Corrected 
Aspect Ratio (mm) 
Electrode 
Separation (cm) 
Average Current Density (mA/cm2) 
30.1 34.4 
Actual Predicted Actual Predicted 
16.51 1.2265 1.1600 1.9763 1.9960 
2.44 17.78 1.1000 0.9572 1.6685 1.7931 
19.05 1.2057 1.1126 1.6946 1.9485 
16.51 1.4288 1.6858 2.2874 2.2174 
2.69 17.78 1.1735 1.3121 1.5144 1.8437 
19.05 1.2347 1.2965 2.1808 1.8282 
Table 5.8 : Factors Settings and Responses of the PTH Verification Experiment 
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Fig. 5.14: Verification Results of the PTH 8-term Second-order Model 
5.3 Blind Via (BV) Plating Workpiece Level Modelling 
5.3.1 Factors Screening and the First-Order Model 
3.5 
The parameter set of the screening runs is similar to that of the PTH experiment, 
except for the fact that an extra parameter of the depth ratio is added. The depth ratio 
is defined as the ratio of the depth of the blind via to the thickness of the PCB and is 
dimensionless. A 32-run 21V7 2 FFD was employed to study the effects of the seven 
parameters on the mean and variation of the plating thickness on the wall of the blind 
via. The experiments and test boards were so designed that part of the experiments 
could be conducted in parallel with the PTH screening runs, thus reducing the total 
number of runs. Parameters settings and results are summarized as Table 5.9. The 
resolution IV design was constructed using a 25 full factorial as the first five columns 
and the defining relationship I= ABCDF = ABDEG for the last two columns. The full 
alias structure is given in Appendix 5.7. The plating thicknesses on the wall of the 
blind vias were measured by the X-ray thickness gauge, while their means and 
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standard deviations were determined as the responses. Raw data are tabulated in 
Appendix 5.8. 
Run 
No. A B CI DJ EJ F G 
Mean 
Cum) 
SD 
1 - - - - -- + 8.583 1.129 
2 + - - - -+ - 6.800 0.985 
3 - + - - -+ - 7.278 1.347 
4 + + - - -- + 8.743 1.151 
5 - - + - -+ + 10.750 2.197 
6 + - + - -- - 10.230 1.838 
7 - + + - -- - 7.912 1.744 
8 + + + - -+ + 10.660 2.101 
9 - - - + -+ - 9.292 1.760 
10 + - - + -- + 7.784 1.684 
11 - + - + -- + 8.553 1.957 
12 + + - + -+ - 9.082 1.656 
13 - - + + -- - 11.200 2.472 
14 + - + + -+ + 10.920 2.147 
15 - + + + -+ + 11.910 2.142 
16 + + + + -- - 11.240 2.423 
Run 
No. A B C 
TD) 
E F G Mean 
Cum) 
SD 
Cum) 
17 - - - - + - - 8.067 1.224 
18 + - - - + + + 6.699 1.092 
19 - + - - + + + 7.569 1.280 
20 + + - - + - - 7.884 1.381 
21 - - + - + + - 8.595 1.859 
22 + - + - + - + 8.472 1.865 
23 - + + - + - + 9.914 1.867 
24 + + + - + + - 8.742 2.005 
25 - - - + + + + 8.478 1.674 
26 + - - + + - - 6.843 1.215 
27 - + - + + - - 7.464 1.275 
28 + + - + + + + 8.278 1.446 
29 - + + + - + 12.050 2.585 
30 + - + + + + - 10.900 2.587 
31 - + + + + + - 11.470 2.339 
32 + + + + + - + 13.050 2.629 
Table 5.9 : Parameter settings and the Responses of the BV Screening Experiment 
5.3.1.1 Analysis of the Mean Response 
The normal probability plot of the mean responses, shown as Fig. 5.15, shows that the 
significant parameters are the average current density (C), electrode separation (D) 
and the two two-factor interaction : sulphuric acid x copper sulphate (AB) and average 
current density x electrode separation (CD). The ANOVA table of Table 5.10 
confirms also their significance. 
Fig. 5.16 illustrates the strong positive effects of C, D, AB and CD on the mean 
plating thickness of the blind-vias and their respective interaction plots are given in 
Fig. 5.17(a) and (b). As in the case of the PTH screening experiment, the mean 
response reflects the average plating rate under the particular plating condition. Fig. 
5.17(a) shows that maximum average plating rate can be achieved when both the 
concentration of sulphuric acid (A) and copper sulphate (B) are at the high (+) level, 
i. e. 200 g/L and 90 g/L, respectively. However, such maximum plating rate is found to 
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Fig. 5.15 : Normal Plot the of the BV Screening Experiment (Mean Responses) 
Source SS DF MS F Prob. >F 
Model 77.777 4 19.444 35.29 < 0.0001 
C 51.559 1 51.559 93.57 < 0.0001 
D 14.586 1 14.586 26.47 < 0.0001 
AB 6.103 1 6.103 11.08 0.0025 
CD 5.529 1 5.529 10.03 0.0038 
Residual 14.866 27 0.551 
Lack of Fit 2.801 11 0.255 0.34 0.9624 
Pure Error 12.065 16 0.754 
Total 30.562 31 
Table x. 10 : ANOVA Table of the BV Screening Experiment (Mean Responses) 
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Fig. 5.16: Analysis of Mean Plot of the Significant Location Parameters 
be not significantly different from that obtained when both A and B are at the low (-) 
level, i. e. 165 g/L and 65 g/L, respectively. This suggests that when the ratio between 
the concentration of the sulphuric acid and the copper sulphate is maintained in the 
range of 2.2 - 2.5t, the maximum plating rate can be achieved regardless of their 
absolute concentration levels provided, of course, that they are within their respective 
operating ranges. This is explained by the strong interacting effects between the two 
parameters illustrated also on the same plot. It means that the concentration of 
sulphuric acid has a positive effect on the average plating rate when the copper 
sulphate concentration is high (B+), but its effect is reversed when it is at a low level 
(B-). Therefore, alternating the levels of either one of the parameters without a 
proportional change of the other one will result in a lower average plating rate. 
On the other hand, Fig. 5.17(b) shows that maximum average plating rate is resulted 
when high average current density (43.04 mA/cm2) and large electrode separation 
(17.78 cm) is employed. While the first condition is common to all Faradaic reactions, 
the interaction plot shows that this Faradaic effect is attenuated by the magnitude of 
the electrode separation, which manifests itself as the strong interaction between the 
two parameters. 
The value 2.2 represents the ratio of the concentration of sulphuric acid to that of the copper sulphate 
when both of them are at the high (+) level, i. e. 200/90, while the value 2.5 represents the same ratio 
when both of them are at the low (") level, i. e. 165/65. 
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5.3.1.2 Analysis of the SD Responses 
Normal probability of Fig. 5.18 shows that the average current density (C) and the 
electrode separation are the only two active parameters affecting the workpiece level 
uniformity of the blind vias. Both of the two parameters have strong positive effect on 
the thickness variation'. 
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Fig. 5.18 : Normal Probability Plot of the BV Screening Experiment (SD Responses) 
In contrast to the findings of the PTH experiments (Sec. 6.2.1.2), the CD interaction and the corrected 
aspect ratio of the blind via were no longer significant in affecting the thickness variability. 
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The effect plot of the average current density (C) and electrode separation (D) is 
shown as Fig. 5.19. The strong positive effects of the two parameters mean that 
minimum variability results when both of them are at their low level, i. e. 32.28 
mA/cm2 and 12.7 cm, respectively. 
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Fig. 5.19: Analysis of Mean Plot for the SD Responses 
5.3.1.3 Building the First-Order Model of the SD Responses 
Similar to the PTH experiment (Sec. 5.2.1.3), an ANOVA is performed as Table 5.11 
by pooling up all the residual sum of squares. The 3-term first-order model, in coded 
form, is given by : 
SD=1.7830+0.3920C +0.2165D [5.8] 
Source SS DF MS F Prob. >F 
Model 6.416 2 3.208 91.66 < 0.0001 
C 4.917 1 4.917 140.49 < 0.0001 
D 1.499 1 1.499 42.83 < 0.0001 
Residual 1.010 29 0.035 
Lack of Fit 0.019 1 0.019 0.54 0.4685 
Pure Error 0.991 28 0.035 
Total 7.427 31 
Table 5.11: ANOVA Table of the BV Screening Experiment (SD Responses) 
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The model is highly significant, with aR, of 0.8546. a PRESS of 1.23 and a R2prediction 
of 0.8344. The response surface of the first-order model is shown as Fig. 5.20, which 
indicates clearly the location of minimum variability, [C(-), D(-)], within the 
experimental range. It is noted that this location is different from that of the PTH 
system, which is found to be [C(-). D(-)] in Sec. 5.2.1.3 above. 
BV 3-term First-order Model 
SD = 1.7830+0.3920C+0.2165D 
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Fig. 5.20 : Response Surface and Contour Plot of the BV 3-term First-order Model 
5.3.1.4 Residual Analysis 
Analysis of the residuals of the first-order model revealed no abnormality of concern, 
as reflected by the normal probability plot of Appendix 5.9. 
5.3.2 Second Order-Model Building and Optimization of Workpiece Level 
Variation 
Four more experiments were performed in tilt proximity of the minimum variability. 
[C(-). D(-)], identified in the first-order model above. The factors settings and 
responses are summarized in Table 5.122 and the raw data given in Appendix 5.10. All 
the other insignificant parameters were held constant at their low (-) levels. The same 
measurement and response scheme as adopted in this round of experiments and the 
1 .. -1 
average plating efficiency was found to be 87.3%. The results shows that further 
reduction of thickness variation can be achieved within the region and the 
combination of C= 35.0 mA/cm2 and D= 14.0 cm represents a good candidate of the 
centre point of the CCD design for second-order model building. 
Board Average Current Electrode Standard 
No. Density (mA/cm2) Separation (cm) Deviation (pm) 
1 35.5 14.0 1.103 
2 32.3 14.0 0.894 
3 34.4 13.3 0.820 
4 32.3 12.7 0.953 
Table 5.12: Design Points and Responses in the Proximity of [C(-), D(-)] 
Using the centre point identified above, a 10-run rotatable CCD involving the 
parameters C and D was designed and conducted to build a second-order model for 
the workpiece level variation. Table 5.13 summarizes the factor levels and setting of 
the CCD employed. 
Fixed Factor Levels 
Factors 
Level (-1.414) (-1) (0) (+1) (1.414) 
A. Sulphuric acid (g/L) 180 -- -- -- -- -- 
B 
Copper Sulphate 
75 -- -- -- -- -- . (g/L) 
C. Average current Density (mA/cm2) -- 31.2 32.3 35.0 37.7 38.8 
Electrode D Separation (cm) 12.2 12.7 14.0 15.2 15.8 
E 
Inter-hole Distance 
45 0 -- -- -- -- -- . (cm) . 
F 
Corrected Aspect 
"" -- -" -- -- -- . Ratio (mm) 
G. Depth Ratio 0.875 -- -- -- -- -- 
Table 5.13 : Factor levels and setting of the BV CCD Experiment 
The standard deviations of the hole-wall plating thickness were taken as the responses 
and summarized in Table 5.14. Twenty thickness readings were taken from the ten 
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holes of each test board and the largest and smallest readings were discarded in the 
calculation, raw data are given in Appendix 5.11. An average plating efficiency of 
84.5% was recorded in this round. 
Observation 
no. 
Run 
order c D SD (pm) 
1 2 -1 -1 2.3858 
2 15 1 -1 1.0223 
3 10 -1 1 2.3140 
4 6 11 3.1654 
5 3 -1.414 0 1.3620 
6 9 1.414 0 1.1683 
7 12 0 -1.414 2.8150 
8 1 0 1.414 3.4248 
9 11 00 1.5544 
10 8 00 1.7602 
Table 5.14 : Factor Levels and Responses of the BV CCD Experiment 
The 6-term full second order model in coded form is determined as 
SD=1.657-')- 0.0982C + 0.3667D - 0.1887C2 +0.7386D 2+0.5537CD [5.9] 
The ANOVA test of Table 5.15 confirms the significance of the model, its R2A 
(0.9266) performance is better than that of the first-order model derived above (Sec. 
5.3.1.3) although its R prediction (0.7781) is slightly lower. The full model is also the 
best fitted model under the backward elimination process [Miller, 90] and the 
Mallow's criteria [Mallow, 73]. 
Source SS DF MS F Prob. >F 
Model 6.303 5 1.261 23.79 0.0045 
Residual 0.213 4 0.053 
Lack of Fit 0.192 3 0.064 3.05 0.3930 
Pure Error 0.021 1 0.021 
Total 6.516 9 
Table 5.15 : ANOVA of the BV Second-order Full Model (SD Responses) 
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5.3.2.1 Response Surface and Optimization 
Fig. 5.21 shows that the response surface of the second-order mode (Eq. 5.9) is a 
saddle system [Montgomery, 97], in which the stationary point is neither a maximum 
nor a minimum point. 
BV Full Second-order Model 
SD = 1.6573-. 0982*C+0.3667*D-. 1887*C 2+. 7386*D2+0.5537CD 
r 
ý 1.014 
1.332 
co -,.. 1ýi ar'l 4. 
1 970 
2.288 
2.607 
. ... ýýý. 2.926 
3.144 
Fig. 5.21: Response Surface and Contour Plot of the 
BV Full Second-order Model (SD Responses) 
The location of the minimum variation within the experimental space can be found on 
the plane of C=1.414, on which the second-order model becomes 
SD=0.7346D' 1.1496D + 1.1410 [5.10] 
Differentiating Eq. 5.10 with respect to D yields the stationary point of C=1.414 (36 
mA/cm2) and D= -0.7782 (12.98 cm), which gives a minimum standard deviation, 
SDR,;,,, of 0.6934 µm. The locus of the minimum standard deviation is given in Fig. 
5.22 while Fig. 5.23(a) and (b) shows respectively the quadratic relationship between 
SDRn and C. and the linear relationship between the optimum values of C and D. The 
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first two graphs show that SDm n is smaller at the two extreme values of 
C. Fig. 
5.23(b) shows that, contrary to the case of PTH (Fig. 5.11, Sec. 5.2.2.1), the sensitivity 
of the optimum solution towards the electrode separation is 2.7 times higher than the 
average current density. Physically, it means that as long as the process is operating 
along the path shown in Fig. 5.23(b), the workpiece level variability of the BVs will 
be minimized with respect to that particular combination of average current density 
and electrode separation, and in all cases limited to the range of 0.7 µm to 1.7 µm. 
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Fig. 5.22 : Locus of the SD,,, within the Optimum Region 
5.3.2.2 Residual Analysis 
Analysis of the residuals of the first-order model revealed no abnormality of concern. 
Normal probability plot of residuals is given in Appendix 5.12. 
5.3.3 Model Verification 
Twelve four more experiments were performed to verify the adequacy of the second- 
order model in predicting the workpiece level plating uniformity within the 
experimental range. The standard deviation of 20 hole wall plating thickness readings 
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were determined from each test board. Two replicates were run for each of the twelve 
combinations of C and D, while the mean standard deviations were taken as the 
responses. The factors settings and responses are summarized in Table 5.16 below, 
and raw data are given in Appendix 5.13. Predicted responses of the second-order 
model (Eq. 5.9) are plotted against the actual standard deviations obtained from the 
model building (Table 5.14) and verification runs (Table 5.16) as Fig. 5.24. It shows 
that the full second-order model is able to predict 92.6% of the variations, which is 
much higher than the expected performance of 77.81% hinted by the Rpredctio of the 
model determined in Sec. 5.3.2 above. 
5.4 Combined Models for PTH and BV 
The response surfaces calculated above for the PTH and BV plating can be used to 
determine which of the two features is limiting the workpiece level variation when 
they coexist on the same board. This can be done by overlapping the two response 
surfaces if their corresponding CCDs are within the same experimental space. 
However, it is shown in the above that the centre points of the PTH CCD (C(-), D(+)) 
and the BV CCD (C(-), D(-)) are different. Extrapolation of response surface of one 
CCD to another is difficult for fixed effect models as the behaviour of the response 
outside the original CCD space may be different. Therefore, two additional sets of 
experiments were performed to obtained the required response surface as follows. 
5.4.1 PTH Crossed with the BV Model at the BV CCD Space 
In order to obtain a response surface of the PTH process in the BV CCD space, a new 
CCD was constructed with the corner and centre points of the BV CCD (Table 5.13) 
and summarized in Table 5.17. The design is the same as that of Table 5.13 except 
that the levels of (-1.682) and (+1.682) are used for C and D for the axial runs. The 
responses are summarized as Table 5.18 and raw data are given in Appendix 5.14. 
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Standard Deviation (gym) 
Electrode Average Current 
Separation (cm) Density (mA/cm2) 
Actual Predicted 
31.0 2.3699 2.3525 
12.7 32.0 2.0194 2.1521 
35.5 1.2117 0.9751 
30.0 1.2637 1.5668 
33.0 1.7062 1.6301 
14 0 . 34.0 1.4435 1.5304 
35.0 1.1713 1.3703 
30.5 2.3076 2.2775 
31.5 2.5554 2.5503 
15.2 34.0 2.8616 2.9680 
37.0 3.1164 2.9710 
39.0 2.8862 2.6710 
Table 5.16 : Factors Settings and Responses of the BV Verification Experiment 
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Fig. 5.24: Verification Results of the BV Full Second-order Model 
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Fixed Factor Levels 
Factors 
Level (-1.682) (-1) (0) (+1) (1.682) 
A. Sulphuric acid (g/L) 180 -- -- -- -- -- 
Copper Sulphate 
B. (g/L) 75 -- -- -- -- -- 
C 
Average current 
Density (mA/cmz) -- 30.4 32.3 35.0 37.7 39.5 
D. 
Electrode 
Separation (cm) 11.7 12.7 14.0 15.2 16.3 
Inter-hole Distance 
E. (cm) 0.45 -- -- -- -- -- 
F Corrected Aspect 048 2 226 2 560 2 3.012 3.413 Ratio (mm) . . . 
Table 5.17: Factor levels and setting of the Second PTH CCD Experiment 
in the BV CCD Space 
Observation 
no. 
Run 
order c D F SD (arm) 
1 7 -1 -1 -1 2.3266 
2 3 -1 -1 1.8190 
3 9 -1 -1 0.6517 
4 12 -1 1.8527 
5 10 -1 -1 1.8898 
6 1 -1 1.7336 
7 8 -1 1.7021 
8 6 0.4844 
9 5 -1.682 0 0 2.1800 
10 15 1.682 0 0 1.8909 
11 13 0 -1.682 0 1.4335 
12 2 0 1.682 0 2.1884 
13 4 0 0 -1.682 1.2533 
14 16 0 0 1.682 1.2389 
15 11 0 0 0 1.5402 
16 14 0 0 0 1.5219 
Table 5.18: Responses of the Second PTH CCD Experiment in the BV CCD Space 
The ANOVA test conducted afterwards shows that the second-order model was not 
significant (Prob. >F=0.84), meaning that there was no evidence of second-order 
curvature in the response over the BV CCD space. On the other hand, the first-order 
model constructed using the 23 full factorial, i. e. the eight corner points, and the two 
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centre points was found to be highly significant. Table 5.19 shows the ANOVA of the 
model, the R24 and Rprediction values were found to be 0.9980 and 0.8756, respectively. 
The insignificant lack of fit of the model re-confirmed the fact that second-order 
model was not necessary. The first-order model is given by the equation 
SD =1.5522 - 0.0851C -0.3848D - 0.105F + 0.0809CD - 0.2584CF 
+ 0.0256DF - 0.3463CDF [5.11] 
Source SS DF MS F Prob. >F 
Model 2.8814 7 0.4116 588 0.0017 
Residual 0.0013 2 0.0007 
Lack of Fit 0.0011 1 0.0011 5.5 0.2566 
Pure Error 0.0002 1 0.0002 
Total 2.8827 9 
Table 5.19: ANOVA of the PTH First-order Model in the BV CCD Space 
The intersection of the response surfaces of Eq. 5.11 and that of the BV second-order 
model (Eq. 5.9) are shown in Fig. 5.25(a), (b), (c) for the (coded) corrected aspect 
ratio (F) values of -1,0, +1, respectively. They show which of the two features, i. e. 
PTH and By, is limiting the workpiece level plating uniformity within the operability 
space of average current density and electrode separation. Fig 5.25(a) and (b) show 
that for medium to large through-hole size (2mm to 2.4 mm diameter), the BV deposit 
variability is larger than that of the PTH in the upper half and lower left comer of the 
operability space. Therefore, it is the BV instead of the PTH that limits the workpiece 
level plating uniformity in these regions. The opposite is true in the PTH limiting 
region where the PTH plating variability is larger. For the case of small through-hole 
size (1.6 mm diameter), the central portion of the operability space becomes BV 
limiting also as a result of the `twisting' of the PTH response surface, i. e. lowering of 
PTH plating variability in that region. These figures can be used to aid the 
advantageous deployment of improvement effort in reducing workpiece level plating 
variation of PTHs and BVs. For example, in the BV limiting region, effort should be 
directed towards the reduction of BV plating variability. On the other hand, the 
intersecting lines of the three figures represents the situations when the PTHs and BVs 
have equal variances. 
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5.4.2 BV Crossed with the PTH Model at the PTH CCD Space 
A similar approach was adopted to obtain a response surface for the BV plating in the 
PTH CCD space. The centre and corner points of the PTH CCD (Table 5.5) were used 
to construct the BV CCD in Table 5.20 and the responses summarized as Table 5.21. 
Raw data are given in Appendix 5.15. 
Fixed Factor Levels 
Factors 
Level (-1.414) (-1) (0) (+1) (1.414) 
A. Sulphuric acid (g/L) 180 -- -- -- -- -- 
Copper Sulphate 
75 
C 
Average current 
2 Density (mA/cm ) 28.5 29.6 32.3 35.0 36.1 
D 
Electrode 
Separation (cm) 16.0 16.5 17.8 19.1 19.6 
E 
Inter-hole Distance 
0 45 - - -- -- -- -- . (cm) . 
F Corrected Aspect -" -- "" "" -- -- . Ratio (mm) 
G. Depth Ratio 0.875 -- -- -- -- -- 
Table 5.20: Factor levels and setting of the BV CCD Experiment 
Observation 
no. 
Run 
order c D SD (pm) 
1 6 -1 -1 1.2630 
2 1 1 -1 1.9795 
3 10 -1 1 2.8518 
4 5 11 2.3030 
5 7 -1.414 0 0.9514 
6 11 1.414 0 2.1987 
7 2 0 -1.414 2.0808 
8 8 0 1.414 1.5377 
9 9 00 2.0093 
10 3 00 2.4964 
11 4 00 1.8659 
Table 5.21 : Responses of the Second BV CCD Experiment in the PTH CCD Space 
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Similar to the case of PTH, the second-order model was found to be insignificant and 
the first-order model was sufficient to describe the responses, as indicated by the 
ANOVA test of Table 5.22. The first-order model constructed with the corner and 
centre points is given by 
SD=2.1098 + 0.4781C - 0.3163CD [5.12] 
Source SS DF MS F Prob. >F 
Model 1.3145 2 0.6573 11.61 0.0216 
Residual 0.2265 4 0.0566 
Lack of Fit 0.0081 2 0.0041 0.04 0.9615 
Pure Error 0.2184 2 0.1092 
Total 1.5410 6 
Table 5.22: ANOVA of the PTH First-order Model in the BV CCD Space 
The R2A and Rprediction values were found to be 0.7795 and 0.7685, respectively. The 
intersection of the response surfaces of Eq. 5.12 and that of the PTH second-order 
model (Eq. 5.3) are shown in Fig. 5.26(a), (b), (c) for the corrected aspect ratio (F) 
values of -1,0, +1, respectively. They show that for medium to large through-hole 
sizes, the BV plating variability is greater than that of the PTH for almost the entire 
operability space. For small through-holes, the PTH plating variability is the limiting 
factor of the workpiece level uniformity in the lower left corner of the space, i. e. the 
combination of small average current density and electrode separation. 
5.5 Summary 
This chapter summaries the sequential experimental studies of the PTH and BV 
copper plating process. Significant process parameters affecting the workpiece level 
uniformity were identified as the average current density and the electrode separation, 
which were also found to be significant in the pattern plating experiments. The 
corrected aspect ratio was found to be significant for PTH plating only. Second-order 
response surfaces were constructed for both processes and their predictive power 
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verified. Two more sets of experiment were conducted to obtain the response surface 
of the PTH process at the optimum region of the BV process and vice versa. The 
intersection of these response surfaces showed that in most cases the BV plating 
variation is greater than that of the PTH and thus limiting the workpiece level 
uniformity. 
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CHAPTER 6 
DISCUSSION AND CONCLUSION 
6.1 Introduction 
This study concentrated on the understanding and control of the workpiece level 
uniformity of PCB copper plating. In particular, the three common features of a PCB, 
i. e. lithographic pattern, plated-through hole and blind via, were investigated. In this 
chapter, an overall discussion of the results obtained from the series of experiments 
performed on the pattern, PTH and BV copper plating and their relationship is 
presented. The limitations and contributions of the study, and further work 
recommended to be performed in this area are also discussed. 
6.2 Summary of the Models 
Table 6.1 summarizes the coefficients of the parameters in the first/second order 
(coded) models developed from the pattern, PTH and BV plating experiments, and the 
optimum combinations of average current density and electrode separation for the 
three different features. They give the direction and relative strength of each 
parameter's effect on the workpiece level plating variability for the three features. The 
absolute strength of a parameter, which is the change of the response (standard 
deviation) per unit change of the parameter, can be obtained after dividing the 
coefficient by its range, i. e. the difference between the high and low level of the 
parameter. The first-order model applies to the entire operability region defined by the 
experimental space while the second-order models apply to the optimum regions of 
the particular process only. 
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Uniform Non-Uniform PTH BV Pattern Pattern 
(2"d Order) (1S` Order) (2"d Order) (2"d Order) 
Equation No. 4.4 4.6 5.2 5.9 
Constant 4.2871 6.1565 1.2579 1.6573 
Average Current + 0.3964 + 1.7857 + 0.4321 - 0.0982 
Density (10 mA/cm2) (10 mA/cm2) (5 mA/cm2) (5 mA/cm2) 
-0 4890 +0.3492 -0.1049 +0.3667 Electrode Separation (5.1 cm) 
* (10.2 cm) (2.5 cm) (2.5 cm) 
Active Area Density N/A + 1.8303 N/A N/A Ratio 
Corrected Aspect N/A N/A +0.3570 N/A Ratio 
(Average Current 
2 +0 6754 N/A + 0.4681 0.1887 Density) . 
(Electrode 
2 Separation) +0.4507 N/A +0.1513 +0.7386 
(Corrected ted Aspect N/ A N/A -0 0660 N/A Ratio) . 
Average Current 
Density x Electrode - 0.1216 + 0.7091 - 0.0686 + 0.5537 Separation 
Average Current 
Density x Active N/A + 0.1880 N/A N/A 
Area Density Ratio 
Average Current 
Density x Corrected N/A N/A - 0.3349 N/A Aspect Ratio 
Electrode Separation 
x Corrected Aspect N/A N/A - 0.3010 N/A Ratio 
Electrode Separation 
x Active Area N/A -0.1483 N/A N/A Density Ratio 
Average Current 
Density x Electrode N/ A +0 0871 N/A N/ A Separation x Active . 
Area Density Ratio 
Optimum 
Avg. Current Density 37.4 mA/cm2 30.1 mA/cm2 28.1 - 29.8 mA/cm2 36 mA/cm2 
Electrode Separation 27.9 cm 25.4 cm 17.0 - 19.3 cm 13 cm 
U The parameter effect is either insignificant or non-applicable (N/A) 
" Depends on the corrected aspect ratio of the through-holes 
Bracketed value show the range of the parameter's level 
Table 6.1 : Summary of Coefficients of the Parameters in the 
Pattern, PTFI & 13V Models 
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6.3 Discussion on the Pattern Plating Experiments 
It has been shown in the review (Sec. 2.4.3) that workpiece level current distribution 
studies before 1988 were primarily concerned with non-patterned surfaces. [Blue, 80] 
calculated that, when the plating current was small (a quarter of the limiting current 
density), the workpiece level thickness distribution could be well approximated by the 
primary current distribution, which was in turn determined by the bath geometry only. 
This is the rationale behind studying the effects of the average current density and 
electrode separation in the pattern plating experiments. The first screening 
experiment (Sec. 4.5.1) showed that the concentration of the brightener and sulphuric 
acid did not have a significant effect on the thickness variability. [Goodenough and 
Whitlaw, 89] reported a similar phenomenon on a non-patterned copper disc and 
showed that the effect of these two components on the Wagner number, i. e. throwing 
power, was negligible when the average current density exceeded 14 mA/cm2. 
The first-order (Eq. 5.2,5.6), and second-order (Eq. 5.4), models developed in the 
subsequent experiments quantified the significant effects of the average current 
density and electrode separation on the workpiece level deposit uniformity. The 
results are in qualitative agreement with the conclusion of previous investigations 
[Koseki, 68], [Shin and Pickering, 87], and show that the workpiece level plating 
variability can be effectively controlled and minimized by careful manipulation of bath 
geometry, i. e. the electrode separation. This result reflects also the dominating 
influence of the primary distribution on the workpiece level uniformity in the high 
current density regime; as the average current density chosen for these experiments 
(26.9 mA/cm2 - 37.7 mA/cm2) represents a high fraction of the limiting current 
density, which is estimated to be approximately 50 mA/cm2*'. 
Analysis of the verification results of the first-order model for the uniform pattern 
plating (Sec. 4.5.5) suggests that the workpiece level variation is minimized when the 
deviation of the average deposit thickness from the Faraday's prediction (Eq. 4.1) is 
The limiting current density was deduced from experimental observation of the occurrence of 
burned deposits on the cathode surface, and is found to be agree with the estimated value for a 
similar solution (0.3M CuSO4,2M H2SO4) used in [Yung and Romankiw, 89]. 
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minimized. This reiterates the fact that Faraday's prediction gives only nominal 
deposit thickness under the assumption of uniform thickness distribution. However, 
the average deposit thickness is larger than the Faraday's prediction even through the 
variability is minimized. This phenomenon is explained as the effect of the auxiliary 
electrode surrounding the pattern by [Choi and Kang, 96]. Also, such a deviation is 
found to bear a quadratic relationship with the average current density around the 
optimum region (Fig. 4.17 (a), (b)). Practically, this means that the deviation from the 
Faraday's prediction might be used as an indicator of the workpiece level plating 
uniformity. 
The interacting effects between the average current density and the electrode 
separation, so far not reported in the literature, have been effectively identified and 
modelled using statistical experiments. The practical significance of this interaction 
effect is discussed below. 
i/ For plating of uniformly-patterned PCBs, such as an array of repeating circuit 
patterns, high average current density coupled with large electrode separation and 
short plating duration is advantageous as reduced plating variation can be achieved 
without sacrificing plating rate. However, tighter control of the electrode separation 
is required as the thickness variation is highly sensitive to the inter-electrode 
distance when a high average current density is used (Fig. 4.9). 
ii/ Conventional definitions of the Wagner number (Eq. 2.9,2.13,2.16,2.22) show 
that the workpiece level uniformity can be improved by using smaller average 
current density in the Tafel regime. It is postulated here that the combined effect of 
a large average current density and electrode separation is equivalent to a reduced 
average current density over the substrate. However, the significant interaction 
means that the effect of the average current density cannot be considered alone, i. e. 
minimization of thickness variation does not necessarily result from reduction of 
the current density or proximity of the electrodes alone. The second-order model 
(Eq. 4.4) showed that there exists an optimal combination of the two parameters so 
that the workpiece level variation is minimized. 
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iii/ This interaction effect is different in the case of non-uniform pattern plating. The 
first-order model (Eq. 4.6) showed that the plating uniformity was better when a 
low average current density was used for all levels of electrode separation and 
AADR, which was indicative of a secondary current distribution characterized by 
the Wagner number. The electrode separation itself was no longer significant to 
the workpiece level variation. 
The relative influence of the average current density, electrode separation and AADR 
is reflected by their corresponding coefficients in the first-order model of Eq. 4.6. It 
shows that the AADR, which is known to affect the pattern-scale secondary current 
distribution [Mehdizadeh, 92], and the average current density dominate. Together 
with the discussion in iii/ above, it seems apparent that the workpiece level thickness 
variability of a non-uniformly patterned surface is jointly determined by the primary 
and secondary current distribution, with the latter being more influential than the 
former. However, this does not undermine the effectiveness of altering the bath 
geometry to obtain desirable workpiece level uniformity, especially in the high 
current density regime where the effect of the bath chemistry on its polarization 
characteristic is weak. 
Apart from the above interaction effect, several other peculiar features of non- 
uniform pattern plating derived from the experiments are discussed as follows. The 
first-order model of Eq. 4.6 and the subsequent revised model show that the 
workpiece level uniformity is jointly controlled by the average current density and 
average active area density (AAD) of the substrate. Although exact values of WaT 
and Way were not determined for the pattern plating experiments in Sec. 4.6, 
approximate solutions are obtained in Appendix 6.1 using the empirical formula of 
[Caban and Chapman, 77], [Turner and Johnson, 62] and the physiochemical 
properties of similar solutions given in [Goodenough and Whitlaw, 89] and 
[Mehdizadeh et al., 93]. The calculation shows that WaT (0.65 - 0.86) is much 
smaller than Way (4.1 - 11.4), indicating that the electrodeposition is performed in the 
Tafel (high overpotential) regime [Mehdizadeh et al., 92]. Therefore, the workpiece 
level behaviour is different from the pattern level model of [Mehdizadeh, 92], which 
predicts a sole dependence of current distribution on War (average current density 
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effect) in the Tafel regime (Sec. 2.4.3). The workpiece level variability depends not 
only on the average current density but also on the average active area density of the 
patterns, and is reduced when either or both of them are smaller. Such a behaviour 
was evident in the two verification runs (Sec. 4.6.2 and 4.6.3), in which the average 
current density was held constant at 30.2 mA/cm2 and the AAD was varied from 
0.17 to 0.33. [Choi and Kang, 96] observed this dual-dependence on a uniformly 
patterned substrate. It might be explained by the fact that the amount of current, 
rather than current density, passing through the system is reduced when AAD is 
smaller. 
Apart from demonstrating the adequacy of the first-order model, the two verification 
runs unveiled the possible interaction between AADR and AAD, which has not been 
recognized in previous investigations [Mehdizadeh, 92,93], [Choi and Kang, 96]. In 
the first verification run using the zebra pattern, the effects of AADR and AAD are 
confounded because they increase simultaneously across the runs, i. e. AAD 
increases linearly with AADR. Eq. 5.12 shows clearly the confounding nature of 
these two parameters. The original first-order model (Eq. 4.6) does not distinguish 
between these two effects and AAD is therefore used in the modified model to reflect 
the combined effect of these two parameters. However, the results of the second 
verification run (Sec. 4.6.3) show that the workpiece level variability can be 
remarkably small when AAD is smaller, even though the AADR is kept constant or 
increased. The cases of AADR =3 and 4 in Fig. 4.33 illustrate a good example, in 
which the thickness variation drops significantly even though the AADR is increased. 
This suggests two possibilities. Firstly, the positive effect of AAD is overriding at 
the workpiece level and the negative effect of the AADR is suppressed. Secondary, 
there is an interaction effect between AADR and AAD and the variability is smaller 
for a particular combination of AADR and AAD. In either case, it means that the 
negative effect of AADR on the workpiece level variability can be counteracted by 
reducing the AAD over the substrate surface at the same time. 
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6.4 Discussion on the PTH and BV Plating Experiments 
Previous work on the modelling of PTH plating showed that the feature scale 
uniformity is limited by the ohmic resistance (secondary current density effect) rather 
than the mass transfer resistance (cupric ion concentration, agitation effect) of the 
system [Lanzi and Landau, 88], [Yung et al., 89], [Yung and Romankiw, 89]. Similar 
results are not found in the literature for BV plating. The statistical models developed 
here show that ohmic limitation applies also to the workpiece level thickness 
variation for both PTH and BV plating, although mass transfer limitation has more 
influence on optimum BV plating. 
The plating rate was found to be maximized for both PTH and BV when large 
average current density (43.04 mA/cm) and electrode separation (17.8 cm) were 
used, but it leaded also to a poor workpiece level uniformity according to the first- 
order model of Eq. 6.1 (PTH) and Eq. 6.8 (BV). The interaction effect between the 
sulphuric acid and copper sulphate, which was found to be significant in affecting the 
plating rate but not the thickness variation in both cases, could be used to obtain a 
compromise between the two conflicting requirements. Such an effect, however, was 
found to be acting differently for PTH and BV plating. While a high acid 
concentration (165 g/L) was desirable for both features, a low sulphate concentration 
(65 g/L) for PTH and a high sulphate concentration (90 g/L) for BV was desirable. 
This is evident from the interaction plots of Fig. 5.5 and Fig. 5.17 for PTH and BV, 
respectively. Addition of copper sulphate is known to have a negative effect on the 
acidity and conductivity of a acid-sulphate system [Newman, 1991b] while 
conductivity is found to have the opposite effect on the reaction rate of plating with 
convection (positive effect) and without convection (negative effect) [Hazlebeck and 
Talbot, 90]. The above difference in the interaction effect might be explained by the 
fact that convection of electrolyte within the through-holes is usually assured for the 
PTH plating to be effective, but mass transport inside the vias is restricted and the 
situation is comparable to plating without convection. As the positive effect of 
copper sulphate on the plating rate is insignificant at a low acid concentration (Sec. 
5.2.1.1), a combination of low acid and sulphate concentration seems to be desirable 
for both PTH and BV for maximum plating rate. 
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On the other hand, the electrode separation was found to be significant in affecting the 
workpiece level variation of the BVs but not the PTHs, and the uniformity 
deteriorated with the electrode separation in the former case. This is evident from both 
the first-order (Eq. 6.1 (PTH), Eq. 6.8 (BV)) and second-order model (Eq. 5.2 (PTH), 
Eq. 5.9 (BV)) of the two processes. It is believed that, under the same agitation 
scheme, the convective flow of electrolyte into the blind-vias is enhanced when the 
electrode separation is reduced and hence the deposit uniformity is improved also. 
However, the flow of electrolyte in the PTH is unrestricted and therefore not affected 
by the inter-electrode distance as long as the minimum electrolyte velocity [Kessler 
and Alkire, 76a] is maintained within the through-holes. 
In contrast, the average current density was found to be significant in affecting the 
workpiece level variation of the PTHs but not the BVs in the second-order model. 
Together with the difference in the effect of electrode separation discussed above, this 
affects the parametric dependence of the optimum solution for the two processes. The 
second-order model of the PTH plating predicts that larger average current density and 
electrode separation is required to obtain minimum workpiece level variability for 
smaller through-holes, while the optimum combination is 2.5 times more sensitive to 
the average current density than to the electrode separation (Fig. 5.11). The BV 
second-order model predicts that the optimum combination is 2.7 times more sensitive 
to the electrode separation than to the average current density (Fig. 5.23). 
The second-order models developed for the two processes show also that, while the 
workpiece level variation of each of them can be minimized within their respective 
optimum region, simultaneous optimization of both processes is not possible. This is 
because the average current density x electrode separation interaction, which is found 
to be significant in PTH but not BV plating, necessitates two different optimum 
regions for the processes (Fig. 5.9 and Fig. 5.20). This is also reflected by the 
significant lack of fit during the trials of fitting a second-order response surface for the 
PTH plating in the BV optimum region (Sec. 5.4.1) and vice versa (Sec. 5.4.2). The 
combined models developed for the PTH and BV plating in Sec. 5.4 aid the 
understanding of which of the two features is limiting the workpiece level uniformity 
at a particular combination of average current density and electrode separation. 
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Having said this, the first order models for the PTH and BV plating do indicate that 
there exists a compromise solution when the whole operability region is considered. 
Fig. 5.8(a) and Fig. 5.20 show that a combination of low average current density (32.3 
mA/cm2) and small electrode separation (12.7 cm) gives a standard deviation of 2.3 
µm for PTH and 1.2 µm for By, which are close to the minimum variability 
achievable within the operability region. However, the validity of such a solution 
diminishes as the through-holes get smaller as the optimum value for the electrode 
separation increases rapidly with the corrected aspect ratio (Fig. 5.11). It will also be 
noted that the standard deviation obtained for the PTH plating (2.3 µm) in the 
compromise solution is higher than the minimum standard deviation achievable with 
the second-order model (Fig. 5.13). 
Sec. 4.6.1 shows that an average current density of 30.1 mA/cm2 and an electrode 
separation of 25.4 cm gives minimum thickness variability for a non-uniformly 
patterned substrate. It can be seen that the electrode separation, which has an opposite 
effect on the thickness variability of non-uniform patterns (positive) and PTHs 
(negative), prohibits the simultaneous minimization of the workpiece level variability 
of the two features 
6.5 Limitations of the Study 
This research work has its limitations and discussion of these limitations provides 
insight into both the contribution and generality of the findings reported here. One 
limitation is the scale of the experimental setup, which is relatively small compared 
with actual production environment. Such a limitation is commonly found in the 
experimental studies of electrodeposition processes because most of the physio- 
chemical and polarization properties are highly system dependent. The models 
developed in this work, which are not defined by these parameters, are believed to be 
relatively robust to the scale of the system. Moreover, the orthogonality of the 
factorial and response surface designs employed enhances also the robustness of the 
parameters' effects [Steinberg and Hunter, 84]. Another limitation originates from the 
relative simplicity of the lithographic pattern used in the non-uniform pattern plating 
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experiments, i. e. substrates with only two different active area densities were 
considered. One may also criticise that the number of sample points taken from each 
board for the deposit thickness measurement were too small to represent the 
workpiece level variability. However, it has been shown in Sec. 4.6.2.1 and Sec. 
4.6.3 that a sample size of six is sufficiently large to arrive at a solution as if the true 
mean and standard deviation of the thickness distribution were used. Finally, the 
relatively low aspect ratio of the through-holes and blind vias (0.8 - 2) used in the 
experiments limits the applicability of the results to higher aspect ratio holes, 
although the general trend of the parameters' effects should not be limited. 
6.6 Contributions of the Study 
The importance of deposit thickness uniformity has long been understood and 
recognised in the current distribution modelling of electrochemical processes. The 
results obtained in this series of experiments make several contributions to the 
understanding and control of workpiece level variability in the acid copper plating of 
printed circuit boards. Firstly, statistically proven and electrochemically informed 
models were developed for the copper plating of uniform/non-uniform patterns, 
plated-through holes and blind vias. They were able to predict, within the operability 
range and experimental accuracy, the workpiece level thickness variability for the 
three features. Secondly, the work furnishes specific knowledge of the effects of 
important process and product parameters, in particular the interaction between the 
average current density and electrode separation, on the plating uniformity and how 
they can be manipulated to optimise the three sub-processes with respect to 
minimized workpiece level variability. 
Thirdly, the verification runs of the non-uniform pattern plating experiments 
explained the scattering effect of the active area density contrast on the deposit 
thickness of regions with different active area densities. Moreover, they provide 
empirical indications for the promising solution of reducing simultaneously the overall 
active area density to reduce the workpiece level variability when the active area 
density contrast over the board surface is increased. 
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Finally, these models unveiled the limitations hindering the simultaneous optimization 
of the electroplating of all the three features. The results should provide insights to 
researchers and practitioners of copper electroplating in understanding and controlling 
the plating thickness variation at a workpiece level. 
6.7 Suggestions for Future Work 
Further research work in this area should try to overcome the limitations discussed in 
Sec. 6.5 above and to further examine the relevant issues which have arisen from the 
experimental results in this study. The validity of the models developed in this thesis, 
and the predicted parameters' effects, may be tested in baths of different sizes with the 
same length-to-breadth ratio to evaluate the effect of scaling. The results may provide 
insight into the possibility and limitations of generalizing the results of small scale 
studies. The non-uniform pattern plating experiments confirmed the significance of 
the overall active area density, active area density ratio, number of density contrasts 
and the area of continuum over the substrate on the workpiece level variability. A 
further set of experiment could be designed to investigate the effects and possible 
interactions between these product-dependent parameters. The results of such 
experiments may give us better knowledge of the influence of lithographic patterning 
in a complex circuit and possible means of counteracting its undesirable effects with 
proper combination of process parameters. Furthermore, the first verification run of 
the non-uniform pattern plating models shows that the pattern level variation across 
two regions can be different even through they have the same local average active area 
density and active area density ratio if their individual feature sizes are different. It is 
suspected that the size and spatial arrangement of the features within the region are 
affecting the current and thickness distribution. This calls for a new parameter that can 
better characterize the non-uniform distribution of lithographic patterns than the 
concept of active area density ratio and the experimental investigation of its 
parametric dependence on the various process parameters. 
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6.8 Conclusions 
This thesis has presented experimental studies of acid copper electroplating of 
patterned substate, plated-through holes and blind vias. Statistical models have been 
developed to aid the understanding of the effects of various process and product 
parameters on the workpiece level plating thickness uniformity. Although the results 
of previous theoretical analyses are not readily applicable to the industrial type 
electroplating investigated in this study, primarily because of the practical difficulty of 
achieving 100% current efficiency, they help the explanation of some of the 
behaviours observed in the experiments and predicted by the models. These 
electrochemically informed models indicate also the optimum combinations of the 
process parameters resulting in minimum variability within the experimental range, 
and the behaviour of the optimum solutions. In summary, key contributions made by 
the experimental investigations reported here are : 
" statistical models of the pattern, through-hole and blind-via copper plating 
processes are established using designed experiments for the control and 
minimization of workpiece level deposit variability 
" these models are statistically proven and electrochemically informed 
" they are able to predict, within a known operability space and experimental 
accuracy, the workpiece level plating variability for the three sub-processes 
" they provide specific knowledge of the effects of key process and product 
parameters, particularly the current density and electrode separation interaction, 
on the workpiece level plating uniformity 
" the work uncovered the potential interaction between the active area density, 
density contrast and overall active area density over the board surface, which has 
practical significance for designing the layout of the printed circuit 
" limitations to the simultaneous optimization of all the three features are unveiled 
by these models, the intersections of the response surfaces for the combined 
models of plated-through holes and blind-vial indicate the feature that limits the 
workpiece level uniformity within the operability space of the average current 
density and electrode separation. 
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Appendix 3.1 
List of Apparatus and Equipment 
Fig. A3.1 : Photo-plotter : GSI Model 3244 
Fig. A3.2 : Shearing machine : RS#609-398 
Fig. A3.3 : Deburring machine : Hipass Moduline 600 
Fig. A3.4 : Convection Oven : Binder EF240 
Fig. A3.5 : Laminator : Circuitage 
Fig. A3.6 : Exposure machine : Cologht DMVL 930 SA 
Fig. A3.7 : Developing machine : Simons GmbH D-6570 
Fig. A3.8 : Hull cell : Kocovr 7CA-267 
Fig. A3.9 : Power supply : Kocour Rectifier 15A 
Fig. A3.10 : Water purification system : B-pure D4511 
Fig. A3.11 : Analytical balance : BOSCH S2000 
Fig. A3.12 :A PCB being Plated in the Agitated 200 litre Plating Bath 
Fig. A3.13 : The Electroless Copper Plating Process 
(a) The Set of Six Electroless Copper Plating Solutions 
(b) A PCB undergoing the Electroless Copper Process in an Agitated bath 
Fig. A3.14 : CNC drilling machine : Excellon EX-110 
Fig. A3.15 : Struer Dap-V polishing machine 
Fig. A3.16 : Measurement of Deposit Thickness with X-ray Coating Thickness Gauge 
(a) A PCB with Sectioned PTHs supported by Rounded Leaf Spring 
(b) Measurement of a Through-hole as shown in the Screen of the X-ray 
Thickness Gauge 
Fig. A3.17 : MEIJI Microscope 
Fig. A3.18 : Cross-sectional Profile of the Plated Copper obtained by the Roughness 
Measurement Machine 
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Fig. A 1.8 :I lull cell : Kocovr 7CA-267 
A-5 
Appendix 3.1 (Fig. A3.9, Fig. 3.10) 
Fig. A3.9 : Power supply : Kocour Rectifier 15A 
Fig. A3.10 : \\ iitcr purification system : B-pure D451 1 
A-6 
Appendix 3.1 (Fig. A3.11, Fig. A3.12) 
Fig. A3.11 : Analytical balance : BOSCH S2000 
Fig. A'). I2 :A PCB being Plated in the Agitated 200 litre Plating Bath 
A-7 
Appendix 3.1 (Fig. 3.13 (a), (b)) 
Fig. A3.13(a) : The Set of Six Electroless Copper Plating Solutions 
Fig. A3.13(b) :A PCB undergoing the Electroless Copper Process in an Agitated bath 
Fig. A3.13 : The Electroless Copper Plating Process 
A-8 
Appendix 3.1 (Fig. A3.14, Fig. A3.15) 
Fig. A3.14: CNC drilling machine : Excellon EX-110 
Fig. A3.15 : Struer Dap-V polishing machine 
A-9 
Appendix 3.1 (Fig. A3.16(a), (b)) 
(a) A PCB with Sectioned PTHs supported by Rounded Leaf Springs 
(b) Measurement of a Through-hole as shown in the Screen 
of the X-ray Thickness Gauge 
Fig. A3.16 : Measurement of Deposit Thickness with X-ray Coating Thickness Gauge 
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Appendix 3.1 (Fig. A3.17, Fig. A3.18) 
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Fig. A3.18 : Cross-sectional Profile oFthe Plated Copper obtained by the 
Roughness Measurement Machine 
Fig. A3.17 : MEIJI Microscope 
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Appendix 4.1 
Alias Structure of the 21y6-2 Fractional Factorial Design 
used in the Screening Experiments of Uniform Pattern Plating 
21v6-2 1/4 , 1/a 
fraction of 6 factors in 16 runs 
Design Generators 
E=ABC F=BCD 
Defining relation: I= ABCE = BCDF = ADEF 
Aliases 
A=BCE=DEF AB=CE 
B= ACE = CDF AC = BE 
C=ABE=BDF AD=EF 
D=BCF=AEF AE=BC=DF 
E=ABC=ADF AF=DE 
F= BCD = ADE BD = CF 
ABD = CDE = ACF = BEF BF = CD 
ACD = BDE = ABF = CEF 
2 blocks of 8: ABD = CDE = ACF = BEF 
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Appendix 4.4 
Normal Probability Plot of the Residuals of the 
Plating Bath Experiment, Uniform Pattern Plating 
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Appendix 4.6 
Measurement Scheme and Typical Thickness Profile of the Nonuniform 
Pattern Plating Experiment 
Pt7 
17.49 
Pt8 
15.5 
Pt5 27.53 
Pt11 12.03 
PtlO 11.66 = 
Pt12 14.27 
Average 
thickness 
Testing point 
name 
a U 
a) Ü 
W 
ý aý 
^ý 
0 
ý 
IM 
ý 
L 
0 
z 
ý 
.., 
ööööö-. 
-0 N. 01 ö ö1. -0 ööö -0- 
(DD) ete f- -t Ný(DI, - N(DNle 
r- VM U') 1- O (D (D (D i- (D ee) (f) cn 
(D (D ci (D -1 (n (f) M Li) Cd M (D IA (h 
00 CO OD Co CD 00 OD 00 00 Co Co OD Co Co 
CO m le ý r- eN r' (O f1- 
" le M U) n C: ) (0 (0 (0 I, - 
(O CO C) (0 le U) U) M U) Co 
00 00 CO 00 00 Co X00 CO 00 00 Y 
U_ 
L 
ý 
U 
> 
NCONrf 
co m U) m 
M CO u) (n 
CC) Co 00 CO 
öööööööööö öööö 
O CO 1, - rý .- et CV IX) r- ti 
(D CD ý- CD M (h 'T ý (oO 
Lo C[) CD U) U) CD 
a) U 
C 
a) ý 
ý 
w. ý. 
0 
(D NN 
U) 
e- ý-- ý-- ý- 
O LO (O Il- O (11 'RI, ýV- to NN O(Y) 
OUl r- to ti O ý(O i- lq' CO 14' ý LO 
f- 'It O IT ýýýýý u) V LO LO IT 
Iq MqT MC7N('')NIT M MNMN 
. 0.0.60.0.0.0.60.6O. OO. O 
m t[) OO CO LCJ O ti CO O Net O) N 
O) t` fý N LO N O) e- OD O (7) CO Oxt 
ýtD(Ot7f- tichO)o0 oOCM(Y)to 
CD M CO tn e- NON It I- tNM 
.............. ý O) O) O) O) O) O) ý O)O) O) O) O) O) 
NNNNNNNNNNNNNN 
w 
ýw ý rnQ j. + v 
cý 
(U 
aý a) Gm 
.., cs ý-- 
c 
dý 
cn" 
.5w W 
OOIctn f- NCO(OU')tt ONQ» 
ON () x- n Nrý LO ý U) (0 le O) O) 
Co N CO ONN CD 00 NN le CO I, - O 
ý O. -- N o0 0 0) I- M e- lKt . -- CO ý 
.............. O) O) O) O) cö O) cö cö O) O) O) O) cö O) 
NNNNNNNNNNNNNN 
(3) 04 C) 04 0) 04 0) NO)N Q)NM N 
tt114: NN'l: tIT NN, I: llý 
LO U) tf) U') U') U) U) U') U') U) 
NNr'ýCVNýr-NN 
ý 
CA C) C) CA - "- T7 - C) C) ÖOÖOOÖÖOC )C) 
VýT I%t IT CY) C+) Cl) N) ICT IT 
ý cE4 
aä 
oE 
Ö 
ý r- ý- ý ý- ý- .- "- +ý+ý+ý+ 
++++++ 
ýý-ýr-ý-ýr-. -r-"- ++++ ý++ 
ýNM'ctU)CpI- 00 CAý 
aý ý 
cý .` cý iJ .0 
N 
'a 
O 
U 
ý 
U 
L 
w 
ý L 
0 
pICý 
ý- 
71 'ý N C0 MIf)O 
0 
m 
00 ,- ,- 
cD 
ýý ýý 
CD 
Co 00 Co Co NNNN 
U, 
V- V- T- - +ý+ý 
rn 
(0 
Co 
T- "-- ý- ++Ii 
CD 0) 
ca 
aý 
> 
ýýý1 
M le to cp 
.- . -- r P" 
CD N 
'a 
(U 
0 
m 
rn 
v ý ca 0 
... ý 
M00 00Mco MtnLO 0) LO r- 
0) M 07 (D C14 N 19T (n (D co M fýt-- 
P- (D CA C, 4 'T -T O 00 r' Výý 
Ný 0Ö07 Lrj 6 (-i 6 C7C) 1-ý 00 
04 NýN r- r- s- .-ý 
O1_ le (n O U) (O'e (OCne-ý 
O I-- e- * ýt c» `T M tt O 1ý O 
OC)) ý NT-MOC7Of- (O(O 
QO 4 Ld (O (O vi li CV T-: aD (O 
Ö 
CV C7 CV N CV NNNN-N 
LO . -'ct N f- 1ý MMMN CC) I- 
NO MfýNýtTO(VCO'-T CO 
tn LO NM tf) 1- NT LO N CO ON 
ý: O fý fA fý CO Iý tn ýt ý4 
MM NNN'- 
00 
ý 
-o ým 
00 
ý-+ m 
L. ^ 
Lp 
O Co 
ý 
ý 
... 
zi 
U) CO ti ý CO (0 (0 I- (V I- N I- 
M'c1' M00to NOO(OýU') I, - (fl N s- C) LO 0) (0 00 0A (O ,T U3 
I-ý Cfl In ý: U) tn Öýý' vi V-: C7 
NN McMýýNr'NNr-T- 
ý 
r- 
co vO l- Itt to N Il- Cp O cM O 
CO to e- N. r" 'T 00 CO ti M 0o c) 
N 'IT (A ONýý r- Iq (A 1-- O 
NO ao (3) tn ui tf) o) i .- (fl co 
MM Cr) Mý I- r' ý' ý e- 
w 213 
r.. " 0 
=m 
ý 
- 1*- 00 0) M LO ý CD M 0) -N 
OIT V'tnN000flOMOD fýO 
CD NO I- I- NC)O N- c'M 
Q)cD CACJ)OCDNM1-: CM 
e- ý-- e-- ýýýý ý-- i-- ý-- i-- e- 
IT 
.ýý 
0 
ý W 
ýý 
rt ý ... ký .rý 
'ý ^ 
Gý 
aý _ G s. 
G aý 
ýý . ý. ý 
C. r 
U) 
ý ý 
I- c0 
0 
m 
(DO CD COOLO MOIT LO Nfý 
ýO 
ýNýýýýCVO)Mý 
00 LO r, CT OIýe- V- 00 0000 0 
NNN 04 T- ý T-- 
Cn 
-0 
i 
O 
CC) ýý 
CO ý) 
M OM 
Il- r- O M'T OOO 1- O) LO 
op O Or-_: NM Cfl N ct Lri NN 
.-rrr e- rrrrrr a-- 
(0 
ý 
0 
cn 
CO .-CN 0C14 
00 U) C) C14 00 
r' C'') ýO ýN 
ý 
Ný 
CO 
ÖONO 
N 
OR 
N T- O) Ö 1t7 cÖ NO 00 r- D) 
04 04 e- 04 e- e- ý"- ý 
N 
L 
0 
m 
(3) CO) ornmLo q. Lo tnvco00 (0 1*- C) CD CO NN C) C) C) CD N 
0ý-: "t(DNOCOOOCOcl I-CO 
CO N Cl) tn N (fl r- tn co tn NN NNV04 04 ( 4. ý" ý- e- r- 
'2 
ca 0 
co 
M C4, ) O LO fý M 00 I` C7 to 
U') (0 00 N T- M 0) r- OO t[) (D OO Iý C7 (p (D ln (C) (p-: 
(flLO d'NT 000. -MT I,. r- MM N C)ý N. --r-ýý r- 
ý ca 0 
co 
(0 t- 'q C") LO MýO)IT NOC)) 
,: r NN CO u) c) -, T ý- ý ti O o0 CO C70 1ý CC! ll; C1O cll1) 1l CO 
LO ý ""' N st NM (A to C) 
NMNN v-- .- 04 Ný . -- .- 
a) co No O(3)OO 
T- Iý O U') I- NI, - (D C7 O) O to to to (D 
4 to to N lo. q(ri4 
ý ý1 
OA; t r' O LO -OO 
Q)1- NN CO Na)O 
ONON .- cT CO cy) 
L6 NV li 4M 
04 NN 
CO N 0) ONO (J) ºý 
C) CC) 00ICT (Y) Cr) 
V) 03 ýý N. - OO 
. -1-ý Nö C76 a6 C70r.: 
04 04 N 
N co ý rl- ti (O V' qcr 
N T- ß) P- CY) V) qT to 
Iý Iý o0 C7 lL') I` CV) Cl) 
U')M U)N(OOD 
NNý 
M Q) MM0N CV 'T 
I- Cl) r- O) CY) O) lf) 0) 
lf) 00 IT 00 Cl) i-- CV d 
OtO O ui O) N 
CV ýNý T- 
O 00 c") C'7 cf) O Q) f*_ 
14, co (3)cY) N. tf)NOD 
f- N I- (fl Ce) O CO O 
Ii Ch tn N C) NN C) 
ý V- -r" 
NNNM (7) O CM CO 
0 W) r, ý 
CD M CO 
ý 
t! 
ý 
1- 
ý 
tn Iý fý O CC) ý 1ý CD 
i- ý r- 
ON Igt M Oxt Co N 
U') r CO CD CO (D C) 
Co U) Oý(D f- O 
U7 N CO NN C7 NN 
ý ý1 
r- CO CO CO ON CO CO 
C) LO ý (0 ti CV 'e f-- 
(- le Co zr Co CA C7 0 
... i Lti toN ui Ili v)ui 
TTT 
00(f) Oqzr T- Ll)ý-(D 
N Co .- (D (3) N D) (D 
I-T C') 00 (D 1, - Cl) IT (D 
Q) (f) .-V Iýt N ll) 1q 
(V c- 
O to ýT 0 T- C) 00 N 
Co Vý to to N MV-- 
rO to v C) qT to 0) 
00 Cri C) O U-) 0 N: 
Ný CV T- r- e- 
(D C) 00 N ý(Y) N CO 
le (D 00(D (D Xt LO r4 
cn m r, - le 1, - U')OO 
o) (o NNý e- (D ui 
T- N T- 
M ON OMf-- tncotf)c7r- c» co ý (D NO Ofý(ON 
MN 00 0dMN OT O CO N I- Iý tf) O to cY) rn 00 
ONIN tf) f- 00 ) (0 N (O ", 3' tf) 0p O C7 OM0NO 
'- CO ti Ö le NeN. O)OO(OT- 00 00 to r- 0)N - (O N (") M Ný .- e- O 
m 
E 
Oý 
r- (ý Me tf) (0 f- 00 m .- . -ý- ä Cl ää C). ä n. äQn. Q. ä 
C 
f0 
mp 
CL 
önö 
L) CC =JDJJU 
>>0000 
QQ (f)(/)U)U) 
C 
ýCOO 
2) 9 
.0R 
G 
C .0 H 
ý 
ý 
. 
rn 
C .ý Ný ý Q) a) ÜC 
3 a" ` -0 L- 
OÜUýN 
CL Q0 
ULLNý 
... .. 
'ö Ov- 0 
O 
NNCO 
NC0 
c0 YY (u > 
UU>N 
Lw 4) ý 
ýß 
ýýßL 
ýýL (0 
CO co (0 -0 
LüC 
(1) jCN 
(9 CO N U) 
aö a3 J 
ý) ý) Qý 
QQfnU) 
ýw öö 
CC 
o .o 
"ý > 
00 
v«0 
`m 0 
v «a 
CC 
wM 
U 
ýý 
ý. aý 
'Cf 
0 
: V. 
Z« 
ý 
w 
ý ý 
aý LO ýo 
.., L s. w 0 
G 
W rn 
ß 
..., ý . - 
C 4L. Gý 
ýý ý 
c3 
a 
(Of- C'4 C) (0 N O)NU)ýCO 
fýO'clTd C14 LO NMOO(OT 
OC) OTO ýý O CC) T CI) ýý 
N. t3) 00 (O Nv to Cl) CC) N 
TTTTTTTTTTTT 
Cl) 
0ý0 
ýý M 
t, (ý ) 
ýý 
ÖÖM 
CY) N 
'q: tN 0) ý0) CO 19tLO tn(DNM 
Ný CÖ - I-ý I. ý N O) 00 t- 
6 
NN r-Nr'ýý- N O 
CO e- OD 1- ti O tie CO CO f0 ti 
NM cM I` OM CO eO r' 0) 
O C) 11- r- (0 MCD O) Ln - 
O OD r-ý M lli (Ö I.: (0 V' NN 
(0 
m 0 
LM 
ýN 
-M wý CD ti CO MO e- ý +. ... .... . -. ... .ý... . -. ... ý. na CL CL CL CL anCL CL aCL 
N Q) O co 00 0) to CO 
CY) V- 00 CY) 
T-V N OD 
(0 Mý Ö 
toN (flN N(V 
T- ý r- 
tt) 'cr C)) r- cY) I- CY) O 
to e- CY) CO f, e- e- CO 
00 CO ti O t` (O r- O 
. ýi tn tt) CY) tt) vi tt) tt) 
ý ýý 
I'll (. 0 'IT LO CC) IT 0) I-T 
tC) LJO 0) Fl- LO v co t() 
C) LO MM I- tnr- ý 
CD CV Ný M e- r- CV CV 
V- 
C 
(0 
WO 
ý CI) 
ýý 
OY>- 
mOÜ L_ (p 
ýýýývvJ 
ý 
0 
v) rn 
QQ U)U)U)U) 
CC 
c C0 
cm O0" 
ý ý1 
ý 21 
3 (JJ w` 1. 
UU oY`3 
(0 L 
'- 
0 
c. 2 C w. ý rý °'ý 
-. ý.. ý öbý0 
0 
.. NC . I1 -  Cl) NOw 
ýYN 
.ý=ýM 
U' n" -ýN 
=: E m is mNQ 
a) N 
'ß 
CU Co cu -0 Co Co 
(L) jCýC ý 
(ýß (ü 
ý 
.+Nm. N.. NN 
CL ý: 0 CL =J0 JU 
»0000 
QU)U)U)(/) 
Q) 
y 
_ý 
L 
ý "ý 
_w 
`ý 
ý 
>Q 
w cs 
C-+ 
cs s. 
N ., 
NLO OqttO(Od'ON N 
MNNO Mý OýNN 
000000000000 
OOOOO6OOOOO6 
Me OýMONý00 r' Izt 
LO VO r- tn Oý Ole Mxt n 
O(O LC) ý- MO CO Nxt (O 00 ý- 
MMMMMNNMMMNM 
O00OOOOOO0OO 
ý 
CO 00 
ý 
V(0 
r- 
'(ý0 
00 OD CD 
00 (~p0~0 (0 
(fl V'MOnMle (O(nCO (0" (0 
M Cn ti(3) r- ýý t0 r, - M ý- a) 
(M 00000000m m 0000rnai 00 
NNNNNNNNNNNN 
- 00 M LO M 00 CO I- CA 1- (0 (O 
(D ý 00 O D) MMN C') Cl) IT CO 
LO 00 co 00 0ý 00 (D IT OM rf 
O U) M (D M 00 co MIq O 00 (O 
O 06 00 co OD Oo 00 06 CÖ O 00 oÖ 
04 04 NNNN 04 04 04 N CV N 
m 
0 ý aD m 
M O(O f- T- co a) V-- O(A I- 
o0OO00rnOti000tiOo 
Ö1-00O6 O6 O1-OO ý 
1Q 
ý 1 ýU 
ý., ý- 
CC 
"r r 
OA 
.ýs.. 
.ri. + yC 
"r ". 
'%ý CO I- tn (D IqT Cl) (D I` 00 co t1) 
ý 
Q0 
¢ 
vvv, v, v, It , 
vqvvvv, 
ui Lo ý Un ýn Un u'i u') Lo Lo Ln Ui NNNN 04 NN 04 04 04 04 N '= a; ý: 5ý E 
C F, r-4 
GX 
G ý+ 
WU 
7777rr7r7 \"' rr 
cw ý O .. ý o 
üp¢E 
tý o 
"ý, z 
OOOOOOOOOOOO 
M V) Cl) Cl) MMM Cl) Cl) (Y) Cl) CV) 
f- (fl e- (O t- f- O I- T- (D ß) (fl 
LO 00 I- 00 U') LO N t) f- 00 N 00 
00 N LO N CO 00 V 00 ON 'cf N 
N IT 00 VNN "-' N 00 T "-' IT 
"; t c- N T- V' IT r- ,, T N f- r' 
Oý ýT. OOO `-ý. 00 
'ÖO'14O00'I 
a 
Q 
J ýýýýýýýýýýýT" 
11111111/111 
N Mcr to (D I-_ 00 Qi Oý 
ýf 00 iý tf) 0 CM (D fý CO M tf) 
0 
0 
L 
Q) 
v ý 0 
ý 1. Co 
0 
m 
N 
it 
00 
ý- 
Q) 
Ö 
(1) 
CD 
L 
co 
ti 
CD 
rn 
0 
cri 
(Y) 
r- co 
T- M 
O 
ti 
. -- 
:M 
co N 
O 
(3) 
O 
CO 
O 
M 
U3 ti 0 (D 
rn 
ý 
04 
M 
LO 
N 
N 
ý 
r-. ý 
N 
CV) co rn co 
CV 
e- 
N 
E 
U 
w 
Qoc 
aQ 
ti 
a ý Co 0 
r... 
CC 
A4 
CC 
L 
rl- .p 
m 0 
m 
m ti 
(0 
ý 
0 
mm 
CÖ 
ý ý ca 0 
ým 
ý v ; - 
.ý tn ýv 2 
W of 
CD ý 'ci 
m 
C . 
lý s ln 
... +, F- 
ý wo 
cn ++ ýL mm 
ýE2 u 
r Sr 
(X le 
G t`v 
GW Z. 00 v 
Co = 
Eý 'v 
72 
ÜC 
lL 
72 
co 0 m i,, ý 
crM ý 
ý 
(Q 
O 
m 
(D 
ý 1. cý 0 m 
cv) 
ý co 0 
co 
00 N C14 (D ý ti N 00 Mý T- 
"- (D (D C) cr ý: f r- CO Ný 00 U) 
Ul) 'V' 'Tf f- MMtl)(DQ)'tOCO 
LO ý: r "t CO LO O) ýY ý 00 Cl) U') 
-00 0) MI: C-) N Q) 00 ci 
NN N" 
IT 00 N Il- 00 (fl ý CA Itf N 00 CA 
l() (n I- OO U') CO MOO Mý 
LO CA U) (O IT ºf) (0 ;t Iý O e- N 
CA 00 N(n 00 (O 11: f (n Iý O 
00I, - O C7 MNýO 00 0) 
(V e- T- ýý e- r- ýý e- 
ON00(0N 'tu) tiOO 
IT ýNr OO 00 M OLA MO 00 
LO OOMM CO M I- 00 N- 
OM CA CD CA -- N T7 (D 1ý C7) O 
Or- P- Nul :r Cr) MN 00 C7) 
N"-- i- ý- e- ýý e- ý e- 
LO N- CO xt r- (n I- U') CO LC) O 
NC» N'e LO et cl CO r- 1, - c) (» 
N CA fý U') 1ý (D O CO Mýt t 
c7 (p CO t() t- s- a) NN 1- O') T- 
r'(3) r-Z tiNtn(hMNOCOai 
N r- e- c- ý- rr e- ýr 
CN 
LO NMMOI*_ OMOOq M 
Iý (O (O to -T O T- 'T (() r- O) 
O"' -T CO 'T O C, 4 r- C) Lo -: f c) 
O CA I. ý CO N(A MM e- O CO 
Q) 
v 
N 
C: ) Co 
00 CO e- e- Orý U') O 00 ý s- r' 
M 00 (0 (O (0 e- t. f) tf) (0 M(0 O 
,e N(0N(nNOfýT-OOI` 
Ö Öai O ei vi c-; Nýt NO OO 
N C'4 
ýýýM (O M (fl LO N tf) (V 
00 ýf Or 0) O 00 CO M r(`') 
NN 1ý '-T Nr 00 ß) ti-T OM 
CO OICT (1') r O. - C) (0 CO O I- 
rnOrnaDV(pvclivi NOOo 
r(V rr e- r. - rrr r- 
O (O O Cl (0 I-C4 O) 1ý ß) 
'nco 0u')NNI-- o0-C0 
. I- 00 -NMMO fý ap 
W (AaONNM (flýOtnlýlý 
ÖÖýýNMC7NrNOO 
NN e- c- -- e- c- . -- r- "- ý T" 
CO NO CO Itt LO 1ý cf) U) N 
c7. -ONONC70CANT LO r 
ýý 
0O0 
ýýOýý 
0~0 
Öý 
N CA C3i cr Cfl cr) C-i NO 00 
CV s- e- ý a-- ý-- ý- ý- f-- ý 
NýoOýiýOCOMýýý 
O 00 CO CO N I- U) O 00 OM Co 
Iý 00 0 lA -T rý O lf) O C3) co 
On OP-: 00 N'i 14 M'lT Cl) OO 
. -- r- e- ýý .-ý r- T- 
N 
0 
00 
a-- 
CV) 
ý 
O) N NIT Q) (n l- 
Iq ýýý 
00 
ý 
'T 
CV) 
NMM f- O G7 00 
OMt- T- Ö00tir)u')(Dr, 
rrrrrr 04 
LO v CO rn TNýý mm(D fl- 
V, o .- rn v0 U) - 
cd 
ý N 
st NN 
e- ý- ý 
tn 00 CO co ýU) 'cr CA co (3) N co 
(. 0 ýýý'N 
ct 
ý 
'-T O (O NÖN O) 
P- (O M Cl) NýO I- ý, (O N 
i- r- OMICT 0) CD IT OI- 0) U) 
cO rn cO t-: N M(O N4 ui NN 
ýýýý T- .- i-- . -- e-- e- .- ý- 
Q) 
IX) (0 
ti v 
Co ti 
1_ M 
Ln 00 
ýý vý v 
rn 
Cfl 
ti 
cVi 
v 
LO LO 
ýrn 
0f) C7) r- tt) tý 
CO lL) tn ý"' ý 
O4M 
, 00 [in 
<D (0 V 
ýý ý-- 
r 
0 
ý 
(0 
U, 
ý 
T- M 
N 
(D 
v 
M cr M (3) 
(C) (D ýO 
e- 
CO M i-- 
LO 0) 
ON 
Co 
r- ý ý ý 
ý 
IT v 
U') v 
tiCo a) M 
MM 
O 
MM 
CD T. - 
V')n 
N r- 
Co U') 
U') 
N 
N 
ý 
M 
ý 
ý 
le M ll') 
q- 
CV 
co 
a) 
OR 
N') 
Co rn M 
CO 
ý 
N (3) 
O . - 
ON 
cY) a) 
d. 0) O 
li 
00 V) 
rn rn 
C+) 
N (V 
LO tr) 
CO O 
ý Co 
MCR M 
C) 
0 
0 
cq 
cri 
N Q) 
O (O 
CO LO 
(V O 
M-4- Uý 
Cl) 
M 
Co 
LC) 
ý 
CO " v rn 
ýrn NM 
ln O 
(D Co 
NN 
ýti 
ý 1 
ti 
rn ý 
co 
Co 
0 0 
0 
c"i 
Q) 
N 
'Ct 
T- v ýý N (0 
CO ý ýý 
vv 
ýý 
o "'- M-ON 
,Z ých ^ O) 
Co 
LO 4 
co 
to Mr- OtnM 
OÖ 
Oa) 
M 
ýýN 
Ný Cfl M 
ýO CD O) ýO 
ui -4 
M .-ý 
D) (0 DI1- vý 
e- CO i-- O le 
(JD `-MMti -OO 
(r) ý 
ON (Y) N (0 Cl) 
C 
OCC oC p)o o"- 
' p) p) CY) 
` 0-Nd 
c aa0 
tw :3 (D w 
ö 04- ö 
0 
U) `niö° 
ocý cu YY cß > 
U. V >o 
L (U -0 
"Ný 'O Y1 
N (0 f0 
ýN 
'C C 
¢ 
( Z5 >> 
cu 
c- 
f9 N .,. _ N 
C'M CV O'q fV co C'" ý: .. CM N U') ci 00 r- YQpQ3 v, O C4 LO Uý Jp MOOwJ C6 
M 
L6 
sui- i 
Co ýo 
13 Cli 
T- v 
v LO 
cd 
N v- N 
C) tP) t! ') 
r- 
CC) 
r- 
CO (D 
c+i 
(0 
(D 
0 
0 
CO to t- ý- CO 1ý C) O 
N Co N to co 
ý r- 04 
(0 1- c0le N 
MM ý- to O 
M CO ý- tCýj ý-- O 
(o (0 (Do0toc0 
M 0) N (D r" O 
ýOON 
ý `-OO(M (D Cp 
e- 113. to tn 
fV e- v- 
-4ý -4. VJ vi 
aýip CL 
ö 
Q3Ft 
rn 
ýp fA pJocm 
ID cm to (O 1ý Co m 
23 cýN- 
->>>0pý> Q aäännääQnääa cAQ Q QcncnýQ 
C 
t, 
aý 
ý 
, «. ý cý 
ý 
cýi 
i. 
.C ý 
N 
ý 
.. w 
CA ý 
C= 
... -" 
ý, ä 00 C 
ý -. i.. ..,. W .. CG 
ý+ 
G ryi ý P" Sr 
ýC 
,O 0 "r 
O 
CV 
ý 
(0 
O 
(fl 
I 
'0 
ý 
(d 
O 
Co 72 
cý 0 
Co 
cu 0 
rn rn N 
ý 
ý 
N 
CV 
ý 
oo 
N 
e- 
N 
N 
rn 
ti a0 ti Nýý CO 
Cn 1ý N CA ýt Cý a0 
C`') (7) CO Nle U) CO 
CO mN 'ct le O CO 
.- aOÖtnCpMO 
N r' Nýý"- "-- 
O) 
N 
Co 
M 
e- 
(, 4 
00 LO ti r 
U) vti 
rn v r- IT (O L[) O- 
ý cotir- 
ci v, Uý ti 
r' CD ti CC) 
M LO Nqq l- 0 1- 
C'1 ýT e- r- t1) (V I- 
I- (O(fl0)co OD 0) 
U) ON 00 -T ý ti 
LO O LO N IT NO 
OO'i OONr'Ö 
e-- N a- ý a- r- T- 
NMN 
ß) Ný 
03 (D 
NO tr) 
N C: ) to 
oO N 00 
c6 i,: ci 
LO C7 CD V- OO C7 00 CD ý- 00 M 
00 NO 00 I- Ch C) u) Cl) 00 r- U) 
00 I- Ch Iý C7 C7 CD Cr) OOý 00 
CD CO O V- CD I- qM C7 Cl) 00 00 
MNONNU. ) MNCn00CO 
NNNNT-ýý"- 
Co 00 -T MO U) M CO CO (D O"-- M 
(D (C) co .T (D ti (D ýý IT 00 
NIq M) NOO Mý O 
0000 NT 0(nU') 00"f (D M 
ý000('M(DMM00)000 
N(V r- Ný T- r' e- 
. 
`-. 
. 
ry M '-T U') CD ~-. 0ý0 ýýý. 
C1 O. CL nä fl .QdQa .Q 
*Z C CY- 
CC :: 0 
u= 
t; o 
"c 
c«, 
0 
ý 
ý cs A 
: 
ý 
O) 
0 
N 
CC) 
ti 
fM 
Lfi 
r- a 
ý 
ý 
ýri 
CC) 
co 
Lri 
T- oo N 
(D 
Lri 
M rn 
r- rn N (0 
0') 'q 
ýý 
o to cO cl (7) 
a C) 
°ý`O °o 
rn ý 
ý to Co 
U') N 
E CO CCC= 
ö)OO"O ý 
oO 1ý oO N ýý 
Cýýý N 
ýWWV 
ýN 
(3) q 
`- ý (0 ÖY ý- 0 
t[) (O `- N(D 0m- S-1 
n. 3 
'v m -e c C= d_ 
U) N e- 
.ýý. 41) 
:3 Q) 
Wr A\ - N N('MMCp 
C ýOýiýQý) ýp Oý O 
co 
ý CM M ... 
ý 
. U) 
OC 
co . 0ý r- ßy ý 
pý 
ý In Oý0ý.. 
VJ ä .Y 'Y S2 
5 
Q) NQ)CD. -N 
CU v> U 
CO ý C, 4 f- Q) OJ 
ýý+L+ (UM 
r+ ýý 
N` N- (i i Co (L) Q) ý c0 
CV 
2 ca -ö 
ý 41) m 'a c N -cr t9 t[) t1) ý .,, SC (0 
ýN 
tn 
ca NýN N .. V) .. 
äip 
CL 
3o 
Q3F- 
ä) ý Qö a3 ý Ui D Jý J Cý L= J =) J 
(D Q) O) N; 
_ýýQ 0 
U)QQQ U) U) 2QQQQ U) U) 
94 
ý 
:ý ., ., M ý 
:d 
ý 
ý 
0 
z 
ý. 
.ý 
ý 
ti 
ý. .. 
N 
i 
:ý 
ý ý ý 
ý 
J 
w. 
r. 
:J 
:J 
I 
ý 
J 
i 
ý 
J 
? 
; 
ý 
cJ 
n n 
.. r 
J 
ý 
: º. 
O 
ý 
.. 
G. 
ý 
L 
J 
"r. 
^ r 
ý ý 
n_ 
V: 
ý 
N 
.. ý 
ý 
-r 
ý 
ý 
.. 
:J 
rý r... 
n 
4. - 
Z, 
t 
ý 
U 
0 
J 
M0 
d 
Q. 
1 
N 
X- 
d' 
N 
C/) 
(D 0ý cts 
cti Q cß 
0 
(ü 0 n- 0a- T 
(1) CL- (1) cl- Ný ý(J) C/) --i cß 2E (j) ýJ ýF-- cn2i :: ) 2i =) LL 
IIIfI 
(W'd) uoijeinaa paepuejS 
CD ' 00 00 I- N 
O CO N 00 
N 7- 
0 
U) 
cm 
> 
1 
CD 
CD 
6) 
00 
ti 
CO w 
'IT 
Cy') 
N 
(W-d) ssauJOiyl aäeaanV 
0 
Cl-) 
Cl) 
in 0ý C/) 
0 
CO C/) 
c0c0 cý OQ QJ mQ mQ (13 73 _0 
. 
(-) 0- [I- %- CD N (1) 
: ýi (I) 2i 
J" 2E f- 2i J2J LL Qýý 
N 
4+4* i+ii 
(uall) uo11einaa paepuejS 
0 
T- 00 CO : I' N CD 
O') 
ý 
t 
C, 
ý 
L. 
C) 
ý 
ý 
^d 
. -t U 
10 
Q 
., J 
ý -rj ý 
ým 
I- 
C) 
3 
0 J 
ý 
- 
.ý 
00 
ti 
cflcy 
lf') 
a 
ý 
co 
N 
00 0fl d' NO 00 co TNO 
(uall) ssauMaiul aäeaand 
-0 CýC: 
Ný (ü(2- cß 
0CL0ý. CZ 
2! 
_1 
2iU2iJ2 
-12E 
0 LL 
CD 
Cn 
Q) 
ýNJ 
QJý a- cn 
4I{: I +11 
uoijainaa paepuajS 
co f` CO Lf) t' cr) N T- 
ß) 
00 
-0 
M0 
m 
ý 
0 
0 
ý 
ý 
Q) 
0 
U 
J 
U 
ti 
Q0 
Lr) 
a 
ý 
Co 
N 
O 00 CO ,: t' NO CO Cfl d' NO 
Ný T- r- r- r- 
(wli) ssauIOiyl aäeaanV 
C: Qc Qcz QQ co cß ý ýU C) ýý ýýý 
Cn W 
Cl ýý ýý 
LL 
Q0 Uil- a_ Cn 
III 'ý11 11+ 4 
uoijeinaa pM3puejS 
rn 00 ti (0 LO NT cY) N 
cu 
0 
co 
Q) 
0 
a 
0 
ý 
ý 
a 
co 
L 
a) 
ý 
U 
T- 
O 00 Cfl ; 1- NO CO Cfl N: r NO 
0') 
00 
ti 
CO 
Lf') 
a 
"t 
Co 
N 
(u, 11) ssauMOiL]l a6e. iany 
C 
s, 
ý 
ý ý 
cý 
A4 
... 
UU 
L. C 
.ý a) V 
ö 
U 
N 
Q tt-- 
ý. Iii 
a) U 
C 
a) 
a) . ý-. 
ý 
G- 
r" .. .. .ý cl) 
ý 
GA 
C^ 
._ rn rA ýD ý aý ý Q 
.. r 
rn 
." 
.., 
OG 
ti W 
yý C 
"-" 0 r - v y, r 
ar 
G r"r" 
. Gý ý C. ) 
(1) 
0 w a) 
m 
ý 
Qo 
¢ 
CO WU 
NC 
ýC 
QE 
ý ý N 
0 m 
rn 00 le r) le p- (0 U) (0 . - 
I, - 00 O LO f1- LO U7 e- (p M 
li ei (Di Ö(O -zi lf)C)o)(D 
00 CO 00 CA co 00 CO co CO CO 
00 'cT MO LO e- 00 to Mý 
OO C) LO O cl) 1- (0 I- 
N- U) Cfl .- r- N ý'IT M NNNNNN CV NNN 
öööööööööö 
CA le Co Co (0 lf) ýtiv C)) CA O LO O e- ýý MN 
ý (0 N 00 ýV Co Cn of r, - CA CD CD 00 VLO(0 . f- I, - CD 
00 c0 C10 C10 (Di Cn CO CD Cö w NNNNNNNNNN 
Ln £) rý (D nt M CO U') In 07 r, - U) MVN 
r, - 
(0 C) M(O CO C) M 
Cd C') M xr U) ýt V 
00 N CO cl: > O) O7 a0 cö Co 00 
CV NNNNNNNN 
NN C7 Mý IT LO LO (D (fl 
vvvvvv IT vvv 
r-ý C6 m öýNriNi Lri (D N 04 04 CO CO CM M C'M CM M 
I- r e-' rrrrrrr 
C) ÖöÖ C) ÖööÖ C) 
M CY) (Y) MMM CY) MM CY) 
ý- N Cl) IT tn Cp I, - CO 00 
T- 
C6 
co 
(1) rn 
ý 
> cß 
00 
ý 
ý L 
ý 0 
m 
(0 
rn 
ý L 
ý 0 
LM 
Lx) 
M 
M L 
(0 
O 
m 
A 
LO 
1_ 
ý 
L 
ý 
O 
m 
le 
,^ W 
ý 
L 
ý 
O 
m 
ý 
tn 
ý 
L 
ý 
O 
m 
M 
ý 
L 
(0 
O 
CG 
eM 
M 
ý 
L 
(0 
O 
CO 
N 
N 
ý L 
(0 
O 
Co 
N 
ý 
ý L 
O 
O 
Co 
ý 
Q0 
a 
LO i-- ýO a- O) Q) -tr C) O) ti lf) 
CO CO 00 04 (. C) (A O- 1ý- OIt c) 
Ir qT N IT co (D Q) co O (D M 
O U) 00 LD ý V' 00 N 00 0N 
r,: CO ti4 ti O) Oo r-ý C6 00 co 00 
. -- r- ""' . -- .-r 
C)) Cl) C) 'V C) NrN OD rr U) 
O U) ON Q) 9: r CV) r C') Cl) Q) CO 
00 0) fý fl- CT) Cl) 00 Q) h fl- Cr) IT 
rOO tr U) T7 N V' U) C7 U) 'IT 
CO O) co U) r` a) (m co 00 a) co co 
ý- ý-- r r- r t-- 
CV U) LO co U] T CJ) 'ýT NN CO u) 
N u) 00 N r- Il- N N. O) (0 Mr- 
Il- Ný Iý ONýN. N 00 O(0 
OVO. -- I- (0 ONM (O CO I- 
(0 (a ui v (p CO co r` CO CO N. Co 
ý . -- . -- . -- ýý 
N(D 00 (D N"- M-O C) .T 
-- (C) o) NN U) IRT MOO O LO a). 
(3) C14 C) 00 
aý0(~D Ný CA 
ýý Ö 
t- If Ö 0Iq0 
(D I` r-ý: L1) N. C)) Cn N. CA Cn a0 
r- 
CO r00M0 1-- CM 0) O) "T M 
r- CO CO Lf) CD (D C) 0) CO O CO 
NrMO fý CO U) "T .- (D Ln 
O)('7CD O CV rM(DU') f- r- 
Ln (D (D M Lf) r` Q) C)) Co O) CO CO 
rrrr c- r 
N CO (n ee O) O N"-' (n Il- C'4 
CO C) C) V ý, I1- (O f- (M zr U') ln 
M CO ((') . -- I- O LO (n 1- (! ) 1- LO 
Ll)O)d' li>ý Nýf)lt(O 0000 
00 (- i- N(n c» I- OÖ ßi Q) O 
.- T- ý e- T- e-- "-- e-- T- 
e- ýrºý- ý0 )0( 00 O IT 
(O Q) (O N ý(0 (0 C) NN (3) (fl 
V Cl) C') O ti C14 LO 0) 0) Q) V co 
1, - LO ýý O) 1, - t- Cl) O CO O U) 
r- O 1` (f) CO cr) 00 co Q) Q) OI 
NN r- T- "- Ný ý- 
N-N- RT O) 1- 0) ti) tf) (. 0 O) 
M 00N1- r-ý-(DtA(DO C) CT 
LO lq- O lV C) «) e- (D 00 (V 1. - 
0 (D N 0) t, - I, - Q) CV) 0 cr) (D . - 
ai I` tn (D "-- qq ai Ö00O ý- 
r-- .-ý. - (V (V . -- e- ý. - ý 
C%4 m (0 M (0 O (fl (") co V ti U) 
00 C) I` 00 O O) U) 00 (O CO ": r (`') 
U) U) C) fl) O) (0 O(0 (V r- 0 
Q)ca ß')"- r'OIýCV (Y) C) Oti 
(O U) N CA U) U) M Q) O 00 
N ý- ýNý T- . -- e- e- 
(0 NN0 I-T 0) T- O(") I- ti co 
LC) lf) N I- O ß) O CO co M ce) q 
N(fl Cl) Cl) O) (3) tf) Cl) ý- tf) (D O) 
C') CO lf) I-- LO O('M co 00 (3) V) 
N(f) (D "-- (fl tfi cýi N(n O CO CO 
(N rrN ý-- rr ý-- "-- r 
O .-N 
NM IT LO CO 11, CO Q) i-- e- r- 
_C _C 
C_ C C_ C_ 
_C 
CC C_ C C_ 
000000000000 
CL CL aaCL n. aaaa a- CL 
0) U) C) v LO Cl) 
OR CR 
Iq N 
ý 
ýU') 00 M 
ý cM 
1 
O (D 
(0 v 
Co N 
MN 
IT N 
ý 
r- CC) co 0V) 
ti co 
e- I-- 
'i N 
T- 
00 
LO r, - Co 0 
LO M 
c+) N 
1 
ON 
O CO 
Q) O 
cn V) 
.- 
ýý o ti ý U') 
LO (D 
ui v 1 
01) CO 00 Iý N 
ý 00 
ýv 
r- 
r1-O ON 
T-- CO 
tn 
ý 
e-- 
C, 4 ý 
(D ý 
,Z Co 
vv 
ý- 
a) 
ca ý > 
U) Q 
0 
ý 
ý 
ý "- 
.. .. ý 0 
0 
ý 
ý 
a) 
Q)Cf) V 
a 
ap aý Q 
d ÜO 
aý o 
'a Q oa 
cO 
:3 
Cu 
Ü 
L 
... 
C 
Co 
a) 
E 
C 
Ný 
ýý 
0 
U) 
76 
Ü 
cý ý Ü 
Q 
N 
ý aý c 
U 
-p N 
4) N 
+.. a) UC 
a) ýc n. U 
XL 
W +ý 
ý 
Qo 
Q 
cn w 
0 
U 
ý m 0 
C13 
Cl) MýIq r- ti e- e- 1- f- 
MM(O(Dýý- MM'T 'T 
OOOOOOOOOO 
00 00 V' Ui lf) 00 CO T- T7 
NNM Cl) NNNNMM 
M C7 f- I*- I- I- U') U) ý e- 
00 O 0) ONN 00 00 'q' Nt 
U) U) NN I- N- U) U) qt: t '-T 
00 CO V: qlý OO a0 00 cD cD 
0000 
i ýý i 
0000 -1-i 
9999 
Q) Q) (3) Q) C) O) CO oO a) C) 
rn rn rn rn vv rn rn IT v ý 'T 0) 0') NN 'q' ý ti r 
77 v- T7 7 e- a- c- e- t-- 
0000000000 
O T- co N 00 
CC) 0) V- 
O) Cl) 
NÖ 
QIT) 
O ti ti L() O 
V 1q' NNM 
"-- r- e- r- ý-- 
CO OýN O) 
00 fý) 
11- N Co 
u) r) vv 
Nf- a). -OOtiOCO O 
ýOOOO LC) CO (0 Il- O 
(O ý I- f- f1- CO t-- CD (0 L£') 
V tA r- tf) O to MOO 
ý q- O to ('7 M le tt le 
r'O00'tNO00(Or-'u) 
IT C14 CD r-- 00 1- Cl) 
CO Ný ti O CO 
NLO M 
00 . CO CO OM I- N CM O 
'IT ýýIT MNNN Cl) N 
t-' s- e- r- r- ýýý r- t" 
0000000000 
NNNNNNNNN 
ýf'7 ý'ttIT IT 'IT v 
M C7 Cl? MMM f7 M Cl? 
f'7 C7 MM C7 co MMM C7 
rr .-rrrrrrr 
OOCV)M(D(DO)a)Q)Q) 
0 0ý 1; T CO CO NNNN 
OOýe- NN -T ttý'-T 
OO Iý fý ": ', 1 e- a- r- e- 
ý- 00000000 
1 ýi 999999 
rrrrrrrrrr 
IaIIIIIIIa 
. --NM -T In(01- 0000 
ý 
(0 tl- N CA 
co I- C) 
IT ý LO 
19T Cl) co 
r- 64 
Co (D (0 O) (0 (1) ý 
(DIgt ('')Of, - C) 
D7 'e N 1- (D LO 
fM M '[f ei Co Co 
ll -OO ýt .i 
LO vm0 
N U) C0 
, zr CD CO 
, KZ LO ce) 
ý-: 64 
to MM (D N f- M MN 
CD 
CC) rl- 
CD 
ý 
00 
MN U) U) v' N 
I. - OO Ili 
4 
v CV OO cM M LO 
le (0 Co 
NCI) V) 
r- O cM 
v Mtn 000LO co Cl) ýf co 0 1, - 
Ný r' CO fl- l- 
0 (D M co 0f- 
, -- N1OMM 
CY) ý ý 00 (D co 0 
Cl) N tý 
. -- T7 t1) 
M ý- U) 
ch Ov r, - OD rnLO OM 00MCD CD 
. -M M 00 r1- ti 
Me d'r` ""M 
cMM OOui Ld 
04 Co N fl_ 
Cp MO 
. -- 
O O) U') 
MN 'ý7 
N OOO) VM NO 
D7 NMM r(D 
Xt V r, - O (D CO 
OO (D o0 ý' 114: 
MMNNý le 
0 
o ýýpv) 
U) QCA QQ 
pppp c`a c`a 
>> 
U) CO 
ýýoo 
ý 
Qo 
Q 
rn Ln rn rn v fý Co cM C7 CV o0 
1- 00 N 
CW) L1) 00 07 a- 00 
N kn l; r f` LA zr 
Ln N Co M U) O) 
C0 Cn ti Lf) MO 
I_ r-Z 00a0r)r) 
rrr r- 
ON 
M CO 
Oý 
M . -- 
(0 00 
T- 
cD 
v 
N 
N 
N 
r- 
CO CM M Iý Co N 
Lt) CO O')Nm xr 
CY) a0 r- i- a0 O 
le (Oa0LO IýLO 
CO (p 00 CO CV N 
ýýýý 
O C: ) G) m ti ý 
ß) C'r) CD 
(D O (h 
ui C7) N 
ý ý 
'IT Q) CD co (V CO 
(D OO co (10 N 
(7 1l- 1- O 1- N 
O co I- V0 1- 
CDCDOC7)Cr)N 
ý- rrr 
CD Co v tir, - r- M Il_ LA 
tr) rl_ (0 
CT) (3) v 
.-ý 
I- MNLC) aOý- 
O) cV O) QO O O) 
1- N r- (3) N C9 
Co NO Co 1- 
cý OOO 
ýýý. --ý--ý-- 
tn tin o Nzt (3) CV 
NM OD 
tn OD e-- 
00 lý tC) 
T- rr 
. -f- tnOe- O 
CO O CO It O 
LO OMM-O 
Cl) 19f CO CO Q) 
OOr-ý 'IT IT 
ýýý ý-- "- 
a) 
st Iý- > 
cc (10 m 
0) Nm C3, a) (1) 
QQQýýQ 
J: ) 0QQýý` (D 
>> 
c! )U)ýý00 
C 
0 
CY) 
(1) V 
c 0 
rn 1 
(D M O 
cn 00!: -, 
*C 
(/) O 
CY) ýö30 
A) 
ýý-.., v w LJ ef U) ... - 
0 C 
CL 
(7) o 
0m 
Nn 
c)) dN 8) - ta N 
Ný 
(a0 U) coo 
ca 
"" VJ 
0 .. 
(n 0 
Q cn 
0 Qný 
'p)-j z2 
C fW 
N 
0CC 
D. 
NO0 
a (U CL 
W 
0m U) 
N (n LM 
ýý 
Q=_ 
00ý0 c`a c`o 
ýQ ý> a) (U > 
C6 -3 .30o 
Appendix 5.1 
Alias Structure of the 2vI6-1 Fractional Factorial Design 
used in the Screening Experiments of PTH Plating 
26.1; /2 fraction of 6 factors in 32 runs 
Design Generators 
F= ABCDE 
Defining relation: I= ABCDEF 
Aliases 
Each main effect is aliased with a single 5-factor interaction. 
Each 2-factor interaction is aliased with a single 4-factor interaction. 
ABC = DEF 
ABD = CEF 
ABE = CDF 
ABF = CDE 
ACD = BEF 
2 blocks of 16: ABF = CDE 
ACE = BDF 
ACF =BDE 
ADE=BCF 
ADF = BCE 
AEF = BCD 
4 blocks of 8: BC 
ABF = CDE 
ACF = BDE 
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Appendix 5.2 
Raw Data of the Screening Runs of the PTH Experiment 
Coded Variable 
ABCDEF 
Obs no. RunOrd Acid Sulphate ACD ES IHD CAR Mean SD Residual 
17 -1 -1 -1 -1 
2 23 1 -1 -1 -1 
3 28 -1 1 -1 -1 
4811 -1 -1 
5 10 -1 -1 1 -1 
6 30 1 -1 1 -1 
7 13 -1 11 -1 
8 24 111 -1 
9 15 -1 -1 -1 1 
10 21 -1 -1 1 
11 27 -1 1 -1 1 
12 11 11 -1 1 
13 17 -1 -1 11 
14 11 -1 11 
15 18 -1 111 
16 51111 
17 6 -1 -1 -1 -1 
18 32 1 -1 -1 -1 
19 20 -1 1 -1 -1 
20 29 11 -1 -1 
21 3 -1 -1 1 -1 
22 91 -1 1 -1 
23 22 -1 11 -1 
24 31 111 -1 
25 12 -1 -1 -1 1 
26 14 1 -1 -1 1 
27 21 -1 1 -1 1 
28 19 11 -1 1 
29 16 -1 -1 11 
30 41 -1 11 
31 26 -1 111 
32 25 1111 
-1 -1 12.1218 3.0123 0.6001 
-1 1 13.7170 3.2934 1.1429 
-1 1 13.2808 1.7032 -0.4471 
-1 -1 9.4471 1.4222 -0.9899 
-1 1 13.0112 3.3774 0.2409 
-1 -1 14.0936 2.5968 0.5066 
-1 -1 14.7945 1.9410 -0.1494 
-1 1 14.2325 3.2320 0.0959 
-1 1 13.0545 2.5304 0.6321 
-1 -1 12.5511 2.1296 -0.0298 
-1 -1 14.2566 3.0531 0.8932 
-1 1 13.6548 2.2616 0.3641 
-1 -1 14.0224 2.3827 -0.7853 
-1 1 16.2859 5.1943 0.9801 
-1 1 14.5384 4.1913 -0.0229 
-1 -1 12.9081 2.6010 -0.5673 
11 12.5063 1.9391 -0.2111 
1 -1 11.5025 3.4530 1.0411 
1 -1 11.4650 1.6555 -0.7569 
11 10.5231 1.7706 -0.3791 
1 -1 12.7781 2.0854 -0.0054 
11 15.1213 2.5210 -0.6151 
11 15.7225 1.9742 -1.1621 
1 -1 10.5731 3.1788 1.0886 
1 -1 13.6763 1.8483 -0.3118 
11 13.1113 1.1661 -0.7319 
11 13.3319 1.5278 -0.3699 
1 -1 9.9700 1.7141 -0.4458 
11 16.9606 3.8299 -0.3839 
1 -1 16.2756 3.1676 -0.0003 
1 -1 13.8700 3.0807 -0.0873 
11 16.3088 5.0807 0.8671 
Acid : Concentration of Sulphuric Acid 
Sulphate : Concentration of Copper Sulphate 
ACD : Average Current Density 
ES : Electrode Separation 
IHD : Inter-Hole Distance of the PTH / BV 
CAR : Correct Aspect Ratio of the PTH / BV 
Residual : based on the 6-term First-Order Model (Eq. 5.1) 
A-34 
Appendix 5.2 
Observation number 123456789 10 11 
9.78 13.77 9.73 6.74 9.93 9.18 13.26 11.26 11.42 9.57 12.57 
10.01 13.66 11.54 6.09 10.15 10.87 14 11.97 13.14 9.55 12.55 
10.6 9.96 10.7 6.8 10.62 14.48 13.77 10.42 11.96 10.15 10.15 
9.45 9.24 9.99 9.21 9.66 14.23 13.73 11.15 13.25 11.35 11.35 
9.78 8.77 11.07 8.91 8.89 13.1 14.38 10.13 12.78 11.53 11.53 
8.33 8.99 10.78 6.16 8.14 12.99 14.39 10.25 10.15 10.64 9.64 
8.21 8.51 11.23 6.8 8.15 11.8 14.6 10.46 10.46 11.39 11.39 
8.45 8.59 11.83 8.43 9.03 13.78 14.14 11.71 9.42 9.02 12.06 
9.12 10.95 12.55 7.87 10.51 11.62 12.13 11.18 9.89 11.06 11.06 
10.1 9.74 11.98 9.01 9.98 10.56 13.48 12.22 9.61 9.4 12.4 
11.01 10.35 10.26 9.01 11.24 10.4 13.98 12.61 10.55 9.64 12.64 
8.6 13.04 11.68 9.35 12.04 11.23 13.04 12.1 10.59 11.89 11.89 
8.45 11.56 10.46 9.77 12.84 11.02 13.56 11.8 10.54 10.56 10.56 
9.12 10.99 12.81 9.7 9.6 11.65 12.81 11.5 9.17 10.9 10.9 
Deposite 9.78 11.45 12.78 9.49 9.43 12.45 14.08 11.6 12.51 10.23 10.23 
8.5 12.81 13.08 10.26 9.65 12.1 11.58 11.09 11.31 11.4 11.4 
thickness 9.12 11.64 13.11 9.42 11.91 10.68 14.46 11.15 11.67 11.56 11.56 
8.45 12.9 13.11 9.29 12.03 10.55 14.9 11.19 9.4 11.23 11.23 
measured 8.12 11.3 13.06 10.21 8.24 10.47 13.31 10.84 12.91 10.99 9.99 
9.23 10.5 12.12 10.16 9.26 11.36 14.46 10.87 9.61 10.87 10.87 
(µm) 9.45 9.46 12.14 9.44 9.79 11.46 12.25 10.89 10 11.23 11.23 
10 9.87 11.67 8.39 10.35 12.03 14.84 9.89 9.58 9.09 12.09 
16.19 9.2 15.22 7.71 10.39 11.88 13 17.16 11.08 15.34 18.34 
16.59 18.35 15.53 6.64 11.88 18.56 11.66 17.19 10.27 15.86 15.86 
15.46 16.95 15.46 7.92 11.9 17.63 11.12 15.37 16.46 14.9 17.9 
15.97 17.72 14.44 11.33 10.34 15.04 10.94 18 16.65 14.24 17.24 
14.09 18.53 15.38 11.21 17.46 14.54 13.84 15.11 13.81 14.28 17.28 
14.92 17.51 14.03 11.31 18.6 16.78 18.75 18.48 16.93 14.56 17.56 
14.19 15.88 15.4 10.04 19.52 16.58 17.97 15.97 13.26 13.55 16.55 
15.12 15.59 15.09 10.14 17.92 16.12 18.84 15.85 15.69 13.23 16.23 
16.14 18.6 15.71 10.15 17.88 16.35 18.31 19.63 14.49 15.56 17.56 
15.79 16.04 13.97 10.04 17 15.2 15.55 17.41 15.61 15.02 18.02 
14.22 15.59 13.71 11.09 16.88 15.14 15.93 16.32 15.53 14.44 17.44 
15.09 16.4 14.56 11.16 18.12 17.4 17.67 16.15 13.2 15 17 
14.3 15.35 14.56 11.99 18.53 17 16.56 16.89 15.71 15.3 17.3 
14.22 16.48 13.45 11.59 14.66 15.99 16.66 17.69 14.77 14.99 16.99 
13.89 16.12 13.75 11.01 14.66 15.2 16.96 19.41 16.56 13.3 16.3 
14.27 17.01 14.86 10.67 13.41 17.89 15.2 18.18 16.42 13.11 16.11 
14.69 16.22 14.45 10.3 14.42 17.1 15.75 17.85 14.24 14.46 17.46 
14.2 16.54 13.51 10.18 15.74 16.22 15.2 17.07 15.16 14.55 17.55 
15.74 16.88 13.99 10.23 13.35 15.99 14.63 16.54 15.18 14.23 17.23 
16.01 17 13.98 9.83 14.22 16.45 14.67 17.08 15.98 14.64 17.64 
14.33 18.03 15.63 9.97 16.03 16.32 16.01 19.29 14.91 13.94 16.94 
14.28 15.23 14.39 10.82 17.33 15.68 14.43 17.31 14.4 14.5 17.5 
15.46 14.71 9.8 15.74 16.02 14.87 14.99 
16.25 15.36 9.12 14.04 16.22 15.44 16.49 
14.13 9.19 17.28 17.09 15 15.85 
14.53 9.04 15.03 16.98 
9.53 13.78 16.24 
9.61 17.09 
9.67 18.1 
number of points measurec 44 46 48 51 49 47 51 44 47 44 44 
Mean Thickness 12.12 13.72 13.28 9.447 13.01 14.09 14.79 14.23 13.05 12.55 14.26 
standard deviation 3.012 3.293 1.703 1.422 3.377 2.597 1.941 3.232 2.53 2.13 3.053 
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Observation number 12 13 14 15 16 17 18 19 20 21 22 
11.89 12.99 10.13 11.9 9.56 10.63 9.37 10.69 7.93 12.03 13.51 
11.64 10.45 12.73 9.19 7.96 10.53 9.96 11.34 8.27 11.44 14.4 
10.47 10.5 9.88 9.24 8.73 10.43 8.25 10.16 9.49 12.01 13.52 
10.32 10.15 12.56 11.37 10.25 9.7 6.84 9.66 9.58 11.17 12.22 
11.39 11.45 13.23 10.39 11.41 11.81 7.66 9.02 9.62 9.38 11.39 
11.81 11.5 9.09 10.6 9.92 11.22 7.44 9.28 8.99 10.4 12.45 
12.97 11.12 9.49 11.88 9.46 11.45 8.6 10.35 8.56 10.15 12.7 
12.87 11.5 12 10.57 8.08 10.99 8.19 10.24 9.02 11.04 13.61 
12.32 12.25 11.23 10.55 9.84 12.82 16.11 12.53 11.52 15.63 16.97 
10.11 12.45 11.56 11.26 12.42 13.25 13.34 12.07 11.58 14.99 17.47 
10.41 11.12 11.78 9.75 11.25 15.6 15.1 13.76 12.02 15.17 16.5 
12.78 11.56 11.4 10.69 9.86 14.56 15.97 12.87 13.24 14.86 16.03 
12.81 12.88 10.99 9.81 9.3 12.99 14.22 14.54 13.1 13.62 19.03 
12.83 12.54 10.89 9.36 10.29 13.56 14.16 13.08 12.29 12.84 19.45 
Deposite 11.15 12.2 12.01 9.79 11.78 15.46 14.33 11.29 11.22 15.1 15.05 
11.14 12.6 11.56 9.12 11.3 15.1 14.5 12.56 11.94 14.62 17.64 
thickness 12.78 11.45 10.77 11.77 11.26 
10.44 12.08 10.5 11.2 12.12 
measured 10.68 11.97 11.64 10.05 10.62 
12.46 12.21 11.75 9.33 10.23 
4Lm) 11.45 12.3 11.46 11.66 11.99 
12.74 12.76 11.47 11.2 12.01 
12.68 12.71 21.71 18.74 11.66 
12.69 15.23 23.5 18.44 14.43 
11.9 15.56 19.25 20.76 15.58 
11.41 15.45 22.12 20.33 14.88 
15.16 16.87 19.24 17.97 15.61 
16.47 16.5 23.76 18.89 16.31 
15.3 16.45 20.15 18.01 16.1 
15.53 16.78 20.79 18.47 15.97 
16.61 17.88 20.4 17.44 14.01 
16.45 16.99 20.3 17.55 15.6 
15.52 16 21.55 18.56 15.45 
14.84 15.55 21.07 18.07 15.55 
16.87 16.45 22.13 19.18 13.82 
16.84 15.45 22.56 18.7 14.99 
16.47 15.7 21.87 19 15.18 
14.37 16.65 22.06 18.47 14.44 
16.9 17.52 19.89 18.44 14.31 
14.09 16.63 20.43 19.03 15.3 
14.99 17.89 20.17 18.1 16 
16.19 15.06 20.5 19.2 15.43 
14.55 15.08 23.01 17.88 15.2 
16.6 16.19 22 17.78 14.66 
15.8 16.39 14.55 
16.29 15.81 
16.89 16.2 
16.56 
number of points measured 48 45 44 44 47 16 16 
16 16 16 16 
Mean Thickness 13.65 14.02 16.29 14.54 12.91 12.51 11.5 11.47 10.52 12.78 
15.12 
standard deviation 2.262 2.383 5.194 
4.191 2.601 1.939 3.453 1.655 1.771 2.085 2.521 
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Observation number 23 24 25 26 27 28 29 30 31 32 
14.07 7.67 13.72 11.75 11.22 8.5 14.74 14.45 10.51 12.74 
15.86 6.94 11.06 12.61 11.6 10.67 12.06 13.97 10.28 12.21 
12.35 7.05 11.54 12.83 12.02 9.76 12.48 12.36 10.67 10.85 
12.15 8.14 13.42 13.23 13.2 8.67 13.78 13.84 10.94 10.27 
Deposite 13.99 8.45 11.29 11.24 12.88 7.96 13.2 13.7 11.01 10.56 
14.56 7.68 12.56 11.51 11.3 8.13 12.57 13.41 11.64 11.09 
thickness 14.84 7.12 10.86 11.68 11.99 7.77 14.78 12.2 11.22 11.89 
15.01 7.44 12.27 12.09 12.1 7.55 13.21 14.09 11.1 12.54 
measured 16.22 12.92 14.81 14.79 13.28 9.59 20.1 19.27 16.8 21.14 
16.21 14.89 15.26 14.17 13.98 11.4 19.74 17.8 16.39 22.01 
(µm) 17.5 13.68 16 14.02 15.11 12.5 21.56 21.77 17.65 22.67 
17.24 14.19 16.41 13.47 15.3 12.5 21.47 17.86 17.37 22.89 
18.67 12.23 15.24 14.15 15.75 10.77 20.89 21.87 16.03 20.33 
18.1 13.44 14.9 14.39 13.94 10.63 20.01 18.53 16.49 21.22 
17.23 13.78 14.59 14.16 14.65 11.09 19.58 17.3 17.01 19.24 
17.56 13.55 14.89 13.69 14.99 12.03 21.2 17.99 16.81 19.29 
number of points measured 16 16 16 16 16 16 16 16 16 16 
Mean Thickness 15.72 10.57 13.68 13.11 13.33 9.97 16.96 16.28 13.87 16.31 
standard deviation 1.974 3.179 1.848 1.166 1.528 1.714 3.83 3.168 3.081 5.081 
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Normal Probability Plot of the Residuals of the 
PTH Plating Experiment, First-Order Model 
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Appendix 5.5 
Normal Probability Plot of the Residuals of the 
PTH Plating Experiment, Second-Order Model 
-0.21 -0.07 0.07 0.21 
Residual (SD Reponses) 
0.35 
Normal Probability Plot of Residuals for the SD Responses 
v m 
U 
v2 
., cý 
.. 
ý 
... 
ü 
ýý 
acn 
W 
rn 
ca ý 
Q U) 
0 N 
w ý 
m 
c CY 
fß U 
6. 
a) 
IR d 
0Z 
Co 
ýN (O ti 
00 C) 
Co 
ý- 
MNN 
rýýN 
ti N 
M CD 
(V 
Co Co 
ýý 
ý-' N co O 
co tn 04 rn 
ýOýý 
Ul) 
Cl) co rn v ti rn 
ýý 
CO U) I- '-t co U') O N. CM U) (0 
00 Cl) ItT ti 'ci CD CO CD U) (C) co tt CV N. M co ý 00 N CD O N. (p Q) 
NN U) T- (V ý-- CV 0) (D to 
1 fV 1 CV V-: I-- I. 
CD O M(D (M Co M[f N. N ti CD M Co (0 cr 04 (14 r' U) M CO ý Co ý- 00 (DOý -T M ýNco NCO NO O0)tt1`00'T CO0oCD C7) 
00 CD (D 00 V NIýOf- LoV. - e- V CAOMº- 000D (C) (C) ('4 (0 
,T Cl) ONNN1ý00IqT toNr- NN ONv- r-1- qT 001ý(0 
e- 1: r- a-- e- T- C14 1: V. "-- (%l (V V-: a- T-: T-: V-: ('V e- "- 1: 1: V- 
Ln (n Un oO (n o0 u) O Lin LO (n Ln M le toCO crOM(DLO N(D00e-M 
(V Iý CO knN 00 1- r- 00 C)CDO tn O I- O) fý NM M(n (O N 00 Co (O 
MMHMM c7 O ai 00 Co W 1z ei ei 
otn Ul) to oo Lf) gA tn o M CA 1n oMN ý- ý ý, le 
M ln e- On U) In 00 ýý CO 
OCOOOuý N OstIrN 
, -i tt e) M (3) (y) Co Co U') t[) 
U)OLo chMl- r-(7)MN(O O 'T NCO ON OOýsr ý"' ý ý- e- NN r- r- a- N T- ý- N (V 
o6 
mz 
W 
C 
0 
.., ".. L 
Gx " G ý-0 
a) 
0 
00 
Q 
0E 
00 V-- (n "7 1- N. - N(D O. - tf) 
LO 04 CD1%ý (hOOf*ý N(DC700 
00 r- O) r- st N (D (f) v- O) O) 'q' 
(D C) NN 00 CO e- O) r- O) t` O) 
e- r r- (V r- r- r- Ö r- rrr 
OD U)tiýIgtCo tAOýr)tnCD 
CO Mer-eCDO t1) (0 CO q" 
C, 4 r1- Cl CO ý 00 NOO r- (0 t7) 
NNn17 NNQ)(e (0 
T- C, 4 r-Ne-e--e-ý 
0oooootir- rý r- r- ti 
Mc'7c'MMC'7MNNNNNN 
ÖÖOOOOOÖOOOO 
ýýýýI ý 
ý' O . -ý ýO e- .ýO .- .ýO ý- 
CR CR CR CR cq CR cq CR CR wcq OR qqqödööööööö 
0) rn0) rnrnrnvvvvvv 
(D (D co co (D (0 IT vIT vIV IV NNNNNNNNNNNN 
N 
oc 
ýo 
ýo CL 
Uý 
rno Co 
(L) 
o 
>U 
ui 
in .. 
U V) 
QW 
T- CV Cl) IT LO CD 1ýco 0)OýNMMT lnCOf- 00(3)N 0 T- NNNN T- T-- V- - e- T- r- r- a- e- 
O 
(1) 
-v a) 
U_ 
u) ý 
a 
G 
Co 
4) 
0 
U) 
To 
U 
of LL Q 
U 
m ý 
.` 
-0 
w 
a) -0 
C/) ý WU 
oý Uä 
Qý 
N 
ý- 00 (n ý- 00 (n ý 00 LO a- 00 (A 
LO tl- C) I- O(A 1ý O LO I- O 
(D fý c3i (D 1-: O(D 1.: O(a N o) 
T- r- ýý a- e- ýý VII T- e- ý 
114: V IT -: -. -cf 14: 11T 
ÖÖÖq- zr -T ÖÖÖ4 -, T ,T 
M cY) MMMM C") M Cl) cY) m V) 
CO LAO 
V- 
vv N r' 
N C7 
r- e- 
r- N 
ý V- 
ýý 
ý 
v- rn T- 
ý Co 
N 
ý ti 
rn(0 
CM ln 
M qT 
N 
tiCv') 
co N 
e- 
T- T- 
CC 
'a t- 
0 mo 
co M MCnM LnNMto Mco to (AM 1ýMstQ)etM 
CO CO N It) CO to C7 'cj - Cý ap (D CO 0ýN OR (A tn OR ............... NNNNNNNNM tt IT M Cl) 'IT IT CO) M 
ýýýýý ý- e- "- ýýýýý ý- ý a- ýý 
00 1.1, N(DU)cy)t- c+). -00(3)u')00 ti NUl Lf) NN(D 
C1) (D N I- I- (D '7 f- OU? (D U') 00 0n t- tir- (A 1- 
.............. c'7 ý chýýMNch(DNtý(D(DU) u)uý)cDrýtiq. .-rýrr. -- ý- a-- .- e- rrr a-- ýrrr. -- .- 
00 0A c7 f- CO I- CA ý CO r- U) CO 03 U) il) I- C)) IT U) CO 
qT CV CDU)CDco f-- C3) 0006 (c! cl 00 rnLhCDv: CVO 
(D CD U) Lo U) U) U) Ln a) Cr) , C7) CA CA CA CA Cn Ci) ý- 00 
a- ý T- T- V. - Ir. T- ý ýT- ý- T- e- ý V- ý e- 04 v- 
(0 U') CF) IT CO C)rt f- . -00I-T r- NLA q* 00r-O)Iýý 
O 1` N(7N tiLq (O (O M 00 q: O) 00 ('M M(O r--: ((j 00 
MNM Nv- NNM st r' It r ct IT VtV t7 -M 
"-- ý V- V- T- T- T- r- ýýýýr r- 
M 1 (0 . -- C) -NN CO N ý» NN cl O) CO N 1"t O) t r" C) tnCOCOr, ei MO; ýcý OCDtiMO)xt 
ei MNNNNNý - u) r- tf) -e e et ýýi u) N 
rýrýýýý T- -ýýýýý-ýý 
CD C)) O) ý CV to tA to CD --T M CY) (V 1-- tn t[) CA M C) 
M f- C7 MstaOýNtC)oOCDMtA(D tf)U)CDM-. . ............. CO CD r- CDtOCDCOCOsyr- OOA) t)OCO C70Q)IT I- 
"- V- r, - "- r- r- V- V. - V- NNN a- r- V- T. - ý- CV V- 
IFt 'tt h st LO u) N T- et N tn -T N Co Lo 'T co N Nin M co tA'IT (DlýU') cl) LO 0. -Ov tA co co a00ztCD 
. .... (D (D . 1-ý Iý . CO . -t c6 Oýý .O. O. rn ..... GO . '-co Iý n ýý 
ý ý- ý e-- -ý r- r- r'NNv- '-- ýýe-ýNý 
I- 00 lV r- e ýM to C) In In 0n ti CO ti CO c7 --- 
C-4 Co (D m f- LC) cA in Co cci Qj CO 1, CO N c7 1ý cý 00 rn 
fz 1z fý1z f,: 1z (D 1z cd ýr-000OCD Cncy) COOiNr- 
r- ý a- T- 9 e- ý. r- r- r' r- N r- r- a" ý- Ný 
C7 LO 00 'tT (r) CO M CD N (D NM CO O CO (1) r- CE NM 
V f- co N00(AI-- o01-- LcjNV: Uý N stc; O. --4 f-ý 
C0 I: fl: C6 f-: 1lOýCVCLrO ÖNý-'ý- (VO 
T" T- T"ýýýý- ý "-- NNN N NN v- 
(ý t1') r- CD Iý M 0A 0) C) 1- CD Cr) 0) N. 00 a- M 00 r- f- 
Ch 0OIýCpCD0O0D1ýNCAtnCDNO .i N0O0AC-i 
M MNcMNCM(Y) RT tAIR7RT t7V' ýIRt 
N- Q) f, - t[)(O-T NQ)I- N. (3)00M a) tAý'T 0) CO 
0 ee) 114) (Oco co c0rnC, L6 NM-. .. 
cp (O fýst^M1,. 
. ........ Ný MNC7MMM. --M(OI- co (D (O(0, (Or, v 
T- r- Ir- T- V- a- r- e- T- V- T- T- r- r- e- r- e- e- 
IT to O CD V-- CA 1ý to 00 0) v a) co 00 r- CO . I, 'T U') t7 
(O CA (D (D to ^(O ON to Ci to CO N Ch lq: O C7 1- 0 
to to 00 1, - fýr- CD(DOv ý CV c°)O r-- 01. -M(3) 
r- r- r-T- v- --N. - NNNN N NNNNr- 
cl ao (DtAtl')N - N)tnll- IT l- '-T N 0) cAcAl- U) co 
C7 Cn f". ..... 
NN(ONr- Iý. 
.... 
f7ý 
. 
(OC C-. 
... 
ý00C7 
.. ýNN. -MNCr)C7'IT Oýýýý CV) IT Cl)F)f, - Co 
ý- CA .- 1*- C)) 00 t'7 to CO CA CO CA IT CO CO Cr) u) cl) V. - CO 
I- (D cor-- r- -V qr toCAr-tor- CA ti t0u)CV . 7Lc)CV 
NN CV CV CV CV ý- ý-- Cr) Ö-4 '7 u) 'T 4 t+) 
T- r- V- Ir- T- Ir- ý- r- V- e- r- V- T- ý T-- ýýý 
Ný 
uN ý 
ý 
ýCN 
ý E 
5 wt+ Cv 
CL Uý Q aJ 
Ný 
fn Eu 
Cu) NN 
0 
ý? N 
JE 
E 
ý 
IT Mr- tn N 
L6 O Lri ý CO 
T- r- N IT 
MN 
I- 
N 
r- 
N co IT (7) u) 
a) 1.0 M tf) (O 
Iý N (n NO 
ý ý-- ý cr) 
ý-- ý 
LC) 1- v N CD V 
r 
N 
Mr-ý 
ý 
ý 
to ý- 
Cp N 
O CO 
Co Co 
a- ý 
r,..: Co 
(D M 
ýý ý 
C14 LO ch LO 
ui , CC) 
c-i 
V- 
0') ý- 00 ¢Y 
Cý fi (P N 
U-i 
ý 
ý ý- 
ri 1 
M(flt- (f) 
r- CO N (O 
ýýýN 
... c6 
V- 
NN u) Ln 
vM 
, -; --i 04 r- 
T- 
00 
N 
N 
'a 0 
Co 
r 
04 
tA v-- U') CO 
Cr; cl ýý 
ý (0 tf)N 
ý ti 
ýý ý 
N(OcDM 
N 06 Uý 
a) 
T- 
v- r- le LO 
Q)Q)O)t! ) 
ai qý 
ri 
T- 
Q) I- N t[) tf) 
I- N t1') r- O 
r-ý cliv 
T- T- 
r- T- 7o 
U. j N 
1 
tn 0,3 (O r) N 
I- 11') e- f- 
ri v c) C? 04 ý- ý ý. 
r- ý ti 
N 
tn fl- CO tn T- 0r-- Ný. - 
fz 0 (D ýN 
ý c4 N 
ý 
le m to Lt) M 
O). -11- nO 
ui OL6 tN 
O 
OD ý r- 
vi O 
ý 
ý. 
> aý ýc v 
CO .6 
ýýýýý 
ý 
. r., C 
v 
E .r 
L 
cý 
G 
k 
ý 
ý 
O 
- 'ý. 
ýo r 
ý "- "- it 
7v 
Cý 
G "x G (.. i Qý 
Q 
co v 
.- fV 
00M CV 
ON 
N 04 
0 
r- 
V- 
(14 
vrn 
ý 
CO Co 
rr 
N Il- 
T- 
vm 
0ö 
Cc 
v" 
ö -0 " m0 
Q) U3 Iý. -u')cI')ý tpNýcl)COý- If) LO MNf*- NM 
N CO ONC3ý COMNýýý-1: MU-i Or**ý -N1ýtr 
N chchNCMých'T NýT- q e- LO 'T LO CO 
T- ýýý V- T- V- e- a-- ý T- T- T- T- V- r- 
CA N. '-t CO N C7) CO (n le 00 Ný LO CO e f- (") U') v- u') 
00 ti OO Ciý 1n ti O CA r7 O CA 00 0 t1') 'Cr >ý MO 
CO CO CO ý- O CD 0OOOýN CA 
NNNNNNNNý 
IT M NI, - U)COU')OCDe-(D NO)C7 OMNLO ä)LO (D O CO(Or.: cl (O V CO(DN CO tnMIýO(OO 
Il- N. IýI- ý- I- f- fn(D Ö ýO OOOe- NCO 
T- r- ýV- -- v-- 04 NNN NNNNN - 
OT O) 1- to Cl) I- '-T ýq: r to tf) N CV ý IT CO C) C` M 
I- tC) to (D LO V a) 00 t7) C) CO -- Ci ti tf) V: N O'T 
CD r-: ti r- ti ti (D (D w Ln tT pÖ tV O Q) tA O tV co 
e- r- a- a- r- rý a-- V- V- T- NN v- r- ý- v- 04 - 
NT .- 'RT NCD Q)NCI)ýLO N-r-'cOcf) I- C14 v- Nv- O) M V' N (, i I,, ý c"ja-- tn(OL6 C700f, ý MU)vi Ollt1q: 
(ý) C7 riýNT- (M vOe-U')stý IttU)(dM 
T- e- e- e- e- r- ý- ý r- ý V- T- T- 
CJ) Cl IRT ti) 00 M ý- 00 00 (C) (O C) Cr) T- to U) IT N. Cr) CV 
O Cl CO 1- L() CO (A C7 C7 OLQ On 00 Ilý (f) (O (n 1ý rl.: 0ý 
C7 N NNNNCV, tiN -: r 'T st-: r sf vqt(OCý) 
T- rrrrrr .- .--- e- - r- - .-- r-- - 
'T" R :r (O CO Q) V- I- N LO ý- N CO N 0) LO U) T., N 00 `ct 
vi CO I,. ............ 
0(p0ýOU)0OC(1ý U)CýQ)N00 
.. C7 NNNNNC7C7LO V, RT sr ttsrU)U)I- Cn 
ý e- ýý r- ý e- T- e- ý T- e- V- r- V- T- T- e- 
tp Cl) Oto 0CO NT-(ALr) 'T 00. -0 U) - 0-tr P- t1') I- (D (OQ) C4'j '7t- 0007NM1ý00gr stCo (A00000 
... ... 1NNNNM ...... (n . ef . 1ý7 ýý .... ýi . 't vi NNN 
e- ý r- ý e- ý-- "- ý- ý ý- ýý ý- ý r- ý- "- ý-- .-ý 
ýýýý (/), p ,., 
o 
E 
ý 
7 a.. W :3-T 
C' Ü U) CO 
n"- ý E 
.: +. v 
UY 
(3 3U 
C) 
Jýý v 
tiaý owCO LO rn 
v 
ö rn 
o 
2 rn rr 
ý: OON(D 00 
M.,. ýC7 M 
WW 
0 
CC) 
L, -: öý .ý ý co v¢ 
M T- NNh 
COo0o0LC) gr 
'f 
NCo 
r, - le MN Co O CS) q- O CO 
NuiCÖCC! ý 
N 1- CO 1D 
ýO 
1 
V- 
TZ 
T- 
E 
m 15 v 
c 
0 
ý 
(U 
> a) e-(nCO CO M 
4t (O 1-- (n N 
mö 
ýý 
IY 
M LO 00 
r- C) (D 
CD CV Q 
00 N 
ti 
T- co 
. r.: 
-v 
T3 'Ir 
C 
ý U) Ln rn 
o Co 
rn ý Co r_ 
M r-- 
r 
ti LO IRT IT 
ý C) co 
vi tD 
.ý 
IýtnN N 
ONOOM Ln 
CD Ö t6 
e- Ir- (00 
N 
ý 
> 
m aD 
xC c9 
ý 
m co (U 
ýýý2 (/) 
v 
ý N 
N 
C 
U 
... 
Q 
Appendix 5.7 
Alias Structure of the 21y7"2 Fractional Factorial Design 
used in the Screening Experiments of BV Plating 
27.2"'/. fraction of 7 factors in 32 runs 
Design Generators 
F= ABCDE G= ABDE 
Defining relation: I= ABCDF = ABDEG = CEFG 
Aliases 
A AB = CDF = DEG BC = ADF CE = FG ACE = AFG 
B AC = BDF BD = ACF = AEG CF = ADD = EG ACG = AEF 
C= EFG AD = BCF = BEG BE = ADG CG = EF BCE = BFG 
D AE = BDG BF = ACD DE = ABG BCG = BEF 
E= CFG AF = BCD BG = ADE DF = ABC CDE = DFG 
F= CEG AG=BDE CD = ABF DG ABE CDG = DEF 
G= CEF 
2 blocks of 16: ACE = AFG 4 blocks of 8: ACE = AFG 
BCE = BFG 
AB= CDF=DEG 
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Appendix 5.8 
Raw Data of the Screening Runs of the BV Experiments 
Observa. ABCDEFG 
No. Acid Sulphate ACD ES IHD CAR DR MEAN SD 
1 -1 -1 -1 -1 -1 118.5832 1.1290 
21 -1 -1 -1 -1 -1 -1 6.7996 0.9848 
3 -1 1 -1 -1 -1 -1 -1 7.2780 1.3467 
411 -1 -1 -1 118.7429 1.1506 
5 -1 -1 1 -1 -1 -1 1 10.7509 2.1965 
61 -1 1 -1 -1 1 -1 10.2334 1.8377 
7 -1 11 -1 -1 1 -1 7.9116 1.7442 
8111 -1 -1 -1 1 10.6627 2.1009 
9 -1 -1 -1 1 -1 -1 -1 9.2916 1.7604 
10 1 -1 -1 1 -1 117.7839 1.6837 
11 -1 1 -1 1 -1 118.5531 1.9568 
12 11 -1 1 -1 -1 -1 9.0815 1.6556 
13 -1 -1 11 -1 1 -1 11.1986 2.4720 
14 1 -1 11 -1 -1 1 10.9224 2.1465 
15 -1 111 -1 -1 1 11.9133 2.1424 
16 1111 -1 1 -1 11.2378 2.4233 
17 -1 -1 -1 -1 11 -1 8.0669 1.2242 
18 1 -1 -1 -1 1 -1 1 6.6988 1.0922 
19 -1 1 -1 -1 1 -1 1 7.5694 1.2799 
20 11 -1 -1 11 -1 7.8838 1.3811 
21 -1 -1 1 -1 1 -1 -1 8.5950 1.8589 
22 1 -1 1 -1 1118.4719 1.8652 
23 -1 11 -1 1119.9138 1.8670 
24 111 -1 1 -1 -1 8.7419 2.0046 
25 -1 -1 -1 11 -1 1 8.4781 1.6742 
26 1 -1 -1 111 -1 6.8431 1.2152 
27 -1 1 -1 111 -1 7.4644 1.2753 
28 11 -1 11 -1 1 8.2781 1.4461 
29 -1 -1 11111 12.0538 2.5851 
30 1 -1 111 -1 -1 10.8956 2.5868 
31 -1 1111 -1 -1 11.4663 2.3390 
32 1111111 13.0463 2.6290 
Acid : Concentration of Sulphuric Acid 
Sulphate : Concentration of Copper Sulphate 
ACD : Average Current Density 
ES: Electrode Separation 
IHD: Inter-Hole Distance of the PTH / BV 
CAR : Correct Aspect Ratio of the PTH I BV 
DR : Depth Ratio of the BV 
All thickness and standard deviation data in µm 
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Appendix 5.8 
Raw Data of the Screening Runs of the BV Experiments 
observation no. 123456789 
10 11 
6.45 5.12 5.53 6.62 8.61 9.62 6.15 8.63 7.18 5.89 6.67 
6 6.45 5.25 7.12 10.67 9.17 5.45 8.36 7.81 7.12 6.37 
7.57 7.45 6.53 7.08 6.45 7.21 6.48 7.88 8.12 7.1 7.93 
8.88 6.87 5.68 6.39 6.79 7.29 5.42 7.2 8.97 6.13 7.79 
7.78 7.8 6.5 8.52 6.14 9.93 6.83 8.48 7.33 6.44 6.73 
7.31 7.91 6.87 8.56 6.45 8.84 6.86 9.33 7.56 7.22 6.06 
7.04 6.12 6.8 7.27 10.23 6.92 5.59 10.55 6.48 5.12 7.33 
Deposite 7.12 6.25 6.56 7.67 6.38 10.01 5.31 9.85 6.49 5.13 6.66 
8.77 5.33 6.98 7.39 8.66 8.33 6.94 9.2 8.81 6.08 6.52 
thickness 9.01 5.28 5.38 7.81 9.76 8.1 7.01 8.6 8.5 5.97 6.55 
8.4 5.81 6.74 6.8 10.42 9.12 6.38 9.41 8.33 6.23 5.85 
measured 7.98 5.67 6.45 7.16 8.85 9.45 5.67 9.91 8.54 
6.49 6.16 
7.32 5.69 6.7 6.94 9.09 8.87 6.43 7.58 7.88 6.58 6.72 
(µm) 8.45 6.7 6.05 7.21 10.99 9.1 6.95 8.46 8.36 5.23 6.54 
7.97 7.02 6.46 8.96 8.78 8.44 6.84 7.89 6.2 7.06 7.01 
6.9 5.55 5.97 8.56 9.66 8.26 5.45 7.56 6.67 7.2 7.55 
6.99 5.39 5.52 8.13 9.78 9.3 7.57 9.59 7.06 6.88 5.83 
7.78 6.16 5 8.23 9.6 8.87 6.28 9.38 7.02 7.01 5.34 
8.9 6.74 5.46 8.33 10.45 8.32 7.99 9.21 8.3 6.5 7.62 
8.12 5.33 5.55 8.7 10.3 9.03 7.33 9.77 8.12 6.66 7.95 
7.89 5.66 5.7 7.51 10 7.33 7.89 8.51 8.56 5.99 7.4 
8.8 5.2 5.96 8.96 10.24 7.97 5.25 8.19 8.44 6.13 6.83 
9.63 8.97 9.45 8.73 13.52 12.48 5.67 13.35 11.45 6.33 8.51 
9.56 7.02 8.8 8.71 11.92 11.57 6.38 13.98 11.89 6.89 10.01 
8.1 8.23 9.45 7.48 15.16 12.43 7.75 12.92 9.45 8.54 8.78 
8.9 7.56 8.64 8.71 10.76 12.27 6.87 14.33 9.1 8.65 8.35 
8.45 6.89 7.87 9.81 12.39 11.11 6.1 11.9 11.99 10.2 9.59 
8.12 6.78 8.65 10.06 11.91 11.14 9.76 11.49 11.45 9.45 11.74 
9.06 8.05 8.45 9.76 12.09 12.33 9.27 13.35 11.3 9.05 10.84 
9.13 7.12 7.64 9.03 13.06 12.54 9.15 11.36 10.4 10.12 10.65 
10.49 7.46 8.01 9.24 10.4 12.99 9.14 13.05 10.45 8.64 10.38 
10.46 6.4 9.54 10.66 12.66 10.88 10.3 11.64 11.78 9.13 10.71 
8.24 6.99 8.09 9.51 12.54 10.64 10.26 13.02 11.56 9.79 10.25 
8.9 8.06 7.47 9.34 11.65 11.2 10.66 12.3 9.6 10.56 11.36 
9.12 7.45 8.45 9.11 11.87 11.64 9.84 13.51 9.5 10 9.26 
9.45 7.69 9.11 10.03 13.33 12.9 8.98 13.19 10.88 8.11 9.69 
9.6 7.88 8 10.28 13.54 12.41 9.55 12.59 10.88 8.45 9.64 
9.3 8.14 8.48 9.14 12.5 9.9 8.24 11.58 11.46 10.63 9.24 
8.99 6.11 8.13 9.58 12.7 12.2 8.29 11.81 11.7 9.54 9.25 
10.45 7.02 8.45 10.06 13.07 12.1 10.2 13.5 10.51 9.33 11.65 
10.6 6.45 8.05 9.11 12.07 11.45 9.88 12.78 10.01 9.2 11.29 
9.49 8.03 8.66 10.89 11.38 11.65 9.44 10.79 10.6 9.5 10.41 
10.1 8.2 8.54 10.56 12.56 12.66 9.9 12.11 10.92 10.03 10.71 
10.09 7 8.66 9.19 13.66 12.3 10.93 11.07 11.22 10.19 11.53 
7.44 9.06 8.55 11.64 
6.81 9.13 10.04 
6.33 9.53 9.92 
9.18 9.66 
9.22 9.38 
9.01 9.4 
10.35 
10.24 
No. of points measured 44 47 44 52 44 44 50 44 44 44 45 
Mean Thickness 8.583 6.8 7.278 8.743 10.75 10.23 7.912 10.66 9.292 7.784 8.553 
Standard Deviation 1.129 0.985 1.347 1.151 2.197 1.838 1.744 2.101 1.76 1.684 1.957 
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Raw Data of the Screening Runs of the BV Experiments 
observation no. 12 13 14 15 16 17 18 19 20 21 22 23 
6.65 7.87 8.77 9.56 10.12 7.32 5.38 7.16 7.07 6.25 5.99 7.44 
7.89 8.56 8.99 9.58 8.95 7.1 6.25 6.23 6.3 6.04 6.48 8.31 
6.53 9.4 8.51 8.14 9.93 6.36 5.9 7.15 6.8 8.63 7.46 7.78 
8.6 9.24 8.59 9.66 8.04 7.98 5.56 5.44 6.43 7.84 7.23 8 
8.21 8.21 9.74 11.09 9.04 6.15 5.3 5.98 6.08 6.75 7.14 8.04 
6.71 7.87 9.35 10.88 10.6 7.01 4.99 6.12 6.89 6.6 6.95 7.9 
6.89 8.98 8.88 10.12 9.41 6.68 6.19 7.02 6.34 6.99 6.77 9.06 
Deposite 8.76 9.7 9.85 8.99 9.6 7.61 6.4 7.46 7.33 7.54 6.3 9.29 
7.05 9.5 9.24 9.46 9.66 9.35 7.22 8.9 9.94 8.59 9.77 10.25 
thickness 6.53 8.46 9.46 10.55 9.48 8.99 8.46 9.76 8.2 9.37 9.12 11.79 
8.86 8.54 8.57 10.4 8.97 9.5 7.56 8.65 9.65 11.95 9.45 11.85 
measured 8.64 8.3 8.07 10.6 8.97 9.57 7.49 8.98 9.11 10.65 9.6 11.83 
8.18 9.05 9.9 10.49 9.12 9.99 7.18 8.63 9.01 11.55 9.99 11.81 
(1. tm) 7.56 9.45 9.8 9.64 8.6 8.67 8.02 8.95 8.6 10 11.6 10.65 
7.18 8.81 9.47 9.78 8.44 8.23 8.03 7.56 8.47 9.13 11.01 12.22 
8.81 7.3 9.65 8.16 8.56 8.56 7.25 7.12 9.92 9.64 10.69 12.4 
7.7 8.94 8.64 9.03 9 
6.08 9.09 8.77 10.11 8.5 
7.87 8.65 8.27 9.89 7.99 
6.44 8.81 9.65 10.33 8.24 
8.82 8.34 8.65 10.2 8.33 
8.8 14.5 8.47 11 9.24 
10.09 13.78 9.08 15.58 15.05 
9.78 12.4 13.66 13.15 12.39 
10.03 13.44 12.96 13.41 12.35 
9.9 13.36 11.03 15.19 16.81 
9.27 12.91 13.04 14.24 11.81 
11.4 13.12 15.38 13.5 12.73 
11.22 12.84 15.35 13.32 14.76 
10.99 13.27 13.98 13.84 11.5 
10.76 13.61 12.68 12.99 12.72 
12.13 12.56 13.47 12.56 12.63 
11.22 12.12 11.27 13.54 13.61 
11.1 14.03 13.8 13.3 14.29 
9.01 13.91 13.34 13.98 14.92 
9.55 13.81 15.28 13.7 12.79 
9.26 14 11.88 14.04 13.16 
9.61 13.6 11.69 12.69 12.35 
9.76 12.99 11.09 14.11 13.86 
9.98 14.04 11 13.63 15 
10.75 14.22 12.66 14.34 11.5 
11.29 13.73 11.87 14.1 14.22 
12.41 13.65 13.04 13.6 13.67 
9.13 13.78 12.38 14.97 12.1 
9.74 11.64 14.66 12.69 
10.61 11.57 
No. of points me 46 44 46 45 45 16 16 16 16 16 16 16 
Mean Thickness 9.082 11.2 10.92 11.91 11.24 8.067 6.699 7.569 7.884 8.595 8.472 9.914 
Standard Deviat 1.656 2.472 2.147 2.142 2.423 1.224 1.092 1.28 1.381 1.859 1.865 1.867 
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Raw Data of the Screening Runs of the BV Experiments 
observation no. 24 25 26 27 28 29 30 31 32 
7.74 6.64 5.13 5.31 6.7 9.56 7.85 9.04 11.22 
6.36 6.77 5.78 6.71 8.15 9.12 8.49 9.73 11.21 
7.63 7.94 5.46 7.87 6.2 10.6 9.55 8.81 9.97 
6.35 6.37 5.7 5.68 7.82 10.3 9.6 9.63 10.02 
7.99 7.17 5.89 6.09 7.13 9.02 8.47 9.61 10.35 
6.12 7.44 5.43 7.11 7.75 9.78 7.69 9.86 10.6 
6.56 6.69 6.86 6.2 6.96 9.44 8.44 9.6 10.85 
Deposite 6.6 6.87 6.39 6.56 6.23 9.55 7.99 8.33 10.31 
11.9 9.05 7.18 9.49 8.4 13.15 13.25 13.96 16.62 
thickness 9.96 9.78 8.92 7.44 9.48 13.16 12.14 14.85 14.76 
10.4 10.64 7.17 9.03 8.97 14.45 14.66 13.11 16.22 
measured 9.66 10.99 8.3 8.24 10.71 14.64 14.12 14.12 14.73 
10.55 10.3 8.16 8.51 10.64 15.77 14 12.04 15.33 
(1im) 10.34 10.78 8.55 8.82 9.97 15.89 13.05 12.67 15.64 
11.01 9.21 7.46 7.81 8.35 14.1 12.56 14.7 16.01 
10.7 9.01 7.11 8.56 8.99 14.33 12.47 13.4 14.9 
No. of points me 16 16 16 16 16 16 16 16 16 
Mean Thickness 8.742 8.478 6.843 7.464 8.278 12.05 10.9 11.47 13.04625 
Standard Deviat 2.005 1.674 1.215 1.275 1.446 2.585 2.587 2.339 2.628974 
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Appendix 5.9 
Normal Probability Plot of the Residuals of the 
BV Plating Experiment, First-Order Model 
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Appendix 5.10 
Raw Data of the BV Experiments for 
locating the Approximate Optimum Region 
Board no. 1234 
10.86 6.03 7.16 6.92 
10.26 6.66 7.9 7.5 
9.57 6.22 7.44 5.97 
Deposite 10.3 7.91 7.73 7.36 
10.79 6.98 8.33 6.93 
Thickness 11.61 7.21 8.03 7 
11.19 7.97 8.51 7.1 
Measured 11.68 7.62 6.61 6 
11.94 7.36 6.18 6.59 
(µm) 11.44 6.64 6.13 8.18 
10.48 6.97 6.67 8.08 
9.91 5.38 6.6 5.46 
9.51 5.13 6.57 5.6 
8.47 5.28 
8.7 5.48 
8.88 5.74 
5.51 
Mean Th. 10.34938 6.775385 7.22 6.511765 
SD 1.101057 0.893883 0.820467 0.95343 
Min. 11.94 7.97 8.51 8.18 
Max. 8.47 5.13 6.13 5.28 
Range 3.47 2.84 2.38 2.9 
All thickness and standard deviation data in µm 
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Normal Probability Plot of the Residuals of the 
BV Plating Experiment, Second-Order Model 
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Appendix 6.1 
Approximation Solutions of WaT and Way 
Given that : 
conc. CuSO4 0.3 M 
Conc. H2S04 1.88 M 
conductivity 0.580482 S2"' cm's 
R 8.3134 J/K mol 
T 298 K 
Tafel slope 
aF0.07 
V/decade, based on 0.3M CuSO4, 
F 
L 
a, ý + aa 
10 
H2S04,0.3 g/l PEG, 0.625 mg/l MPSA 
solution in [Goodenough and Whitlaw, 89] 
96487 c/g equiv 
1.524 cm, based on the width of the 3 continuum over 
the board surface 
2 based on formular of [Turner and Johnson, 62] 
for cupric ion 
0.003584 A/cm2, based on the empirical formular of 
[Caban and Chapman, 77], 
1. The conductivity of the electrolytic solution is determined by the empirical formular of 
[Caban and Chapman, 77], 
K=0.011163 + 0.030798[CuS04] + 0.423553[H2S04] - 0.045224[H2SO4]2 
- 0.13539[CuSO4] [H2SO4] 
= 0.58 S2''cm' 
A- 60 
2. The exchange current density is determined using the empirical formular of [Caban and 
Chapman, 77], 
= 1.58 x [CU]0.67e-0 . 
36 x [H2SO4] 
= 3.584 mA/cm2 
3. The Wagner number at the Tafel and linear regime are calculated for the average 
current density and AADR values of the non-uniform pattern plating experiments 
using the formula in Sec. 2.4.3. 
